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ABSTRACT
PLASMA-ASSISTED ATOMIC LAYER DEPOSITION
OF III-NITRIDE THIN FILMS
C¸ag˘la O¨zgit-Akgu¨n
Ph.D. in Materials Science and Nanotechnology
Supervisor: Assist. Prof. Dr. Necmi Bıyıklı
February, 2014
III-nitride compound semiconductors and their alloys have emerged as versatile
and high-performance materials for a wide range of electronic and optoelectronic
device applications. Besides possessing very unique material properties individu-
ally, members of the III-nitride family with wurtzite (hexagonal) crystal structure
also exhibit direct band gaps, which cover a wide range with values of 6.2, 3.4 and
0.64 eV for AlN, GaN and InN, respectively. In this respect, ternary and qua-
ternary alloys of this family are particularly important since their bandgaps can
easily be tuned by adjusting the alloy composition. Although high quality III-
nitride thin films can be grown at high temperatures (>1000 ○C) with significant
rates, deposition of these films on temperature-sensitive device layers and sub-
strates necessitates the adaptation of low-temperature methods such as atomic
layer deposition (ALD). ALD is a special type of chemical vapor deposition, in
which the substrate surface is exposed to sequential pulses of two or more pre-
cursors separated by purging periods. When compared to other low-temperature
thin film deposition techniques, ALD stands out with its self-limiting growth
mechanism, which enables the deposition of highly uniform and conformal thin
films with sub-angstrom thickness control. Moreover, alloy thin films can be
easily deposited by ALD, where film composition is digitally controlled by the
relative number of subcycles.
In this thesis, we report on the development of plasma-assisted ALD (PA-
ALD) processes for III-nitrides, and present detailed characterization results for
the deposited thin films and fabricated nanostructures. PA-ALD of polycrys-
talline wurtzite AlN thin films was realized at temperatures ranging from 100-
500 ○C using trimethylaluminum (AlMe3) as the Al precursor. Films deposited
at temperatures within the ALD window (100-200 ○C for both ammonia (NH3)
and N2/H2 plasma processes) were C-free and had relatively low O concentrations
iv
v(<3 at.%). We also demonstrated the conformality of AlMe3-NH3 plasma process
by fabricating high surface area AlN hollow nanofibers using electrospun nylon
nanofiber mats as sacrificial templates. Our initial efforts for depositing GaN and
InN resulted in thin films with high O concentrations. Although - at first - the
most probable source of this contamination was presumed as the O-containing
impurities in the unpurified 5N-grade NH3 gas, subsequent experiments revealed
the true source as the quartz tube of inductively coupled RF-plasma (ICP) source
itself. In view of these circumstances, the choice of N-containing plasma gas (NH3,
N2/H2 or N2) determined the severity of O incorporation into AlN and GaN films
deposited by PA-ALD. As an effort to completely avoid this plasma-related oxy-
gen contamination problem, we replaced the original quartz-based ICP source
of the ALD system with a stainless steel hollow cathode plasma (HCP) source.
Thereby we demonstrated the low-temperature hollow cathode PA-ALD (HCPA-
ALD) of crystalline AlN, GaN and AlxGa1−xN thin films with low impurity con-
centrations (O, C <1 at.%) using AlMe3 and trimethylgallium (GaMe3) as the Al
and Ga precursors, respectively. Optical band edge values of the AlxGa1−xN films
shifted to lower wavelengths with the increasing Al content, indicating the tun-
ability of band edge values with alloy composition. HCPA-ALD of InN was also
investigated within the scope of this study. Initial results revealed the possibil-
ity to obtain single-phase wurtzite InN thin films using cyclopentadienyl indium
(CpIn) as the In precursor.
Keywords: atomic layer deposition, aluminum nitride, gallium nitride, in-
dium nitride, thin film, digital alloying, plasma-related oxygen contamina-
tion, inductively coupled plasma, hollow cathode plasma, hollow nanofiber,
template-based synthesis, trimethylaluminum, triethylgallium, trimethylgallium,
trimethylindium, cyclopentadienyl indium, ammonia, nitrogen, hydrogen.
O¨ZET
III-NI˙TRU¨R I˙NCE FI˙LMLERI˙N PLAZMA-DESTEKLI˙
ATOMI˙K KATMAN BI˙RI˙KTI˙RME YO¨NTEMI˙ I˙LE
BU¨YU¨TU¨LMESI˙
C¸ag˘la O¨zgit-Akgu¨n
Malzeme Bilimi ve Nanoteknoloji, Doktora
Tez Yo¨neticisi: Yrd. Doc¸. Dr. Necmi Bıyıklı
S¸ubat, 2014
III-nitru¨r biles¸ik yarı iletkenler ve alas¸ımları genis¸ bir elektronik ve optoelek-
tronik cihaz uygulama yelpazesi ic¸in c¸ok yo¨nlu¨ ve yu¨ksek performanslı malzemeler
olarak ortaya c¸ıkmıs¸tır. Ayrı ayrı c¸ok benzersiz malzeme o¨zelliklerine sahip ol-
malarının yanı sıra, III-nitru¨r ailesinin vu¨rtzit (hekzagonal) kristal yapıya sahip
u¨yeleri, AlN, GaN ve InN ic¸in sırasıyla 6.2, 3.4 ve 0.64 eV olan deg˘erlerle genis¸
bir mezili kapsayan direkt bant aralıkları sergilerler. Bu bakımdan, bu ailenin
u¨c¸lu¨ ve do¨rtlu¨ alas¸ımları, bant aralıkları alas¸ım biles¸imi ile kolayca ayarlan-
abildig˘i ic¸in, o¨zellikle o¨nemlidir. Yu¨ksek kaliteli III-nitru¨r ince filmler yu¨ksek
sıcaklıklarda (>1000 ○C) kayda deg˘er hızlar ile bu¨yu¨tu¨lebiliyor olsada, bu film-
lerin sıcaklıg˘a duyarlı cihaz katmanları ve alttas¸lar u¨zerine biriktirilmesi atomik
katman biriktirme (AKB) gibi du¨s¸u¨k sıcaklıklarda gerc¸ekles¸en yo¨ntemlerin adap-
tasyonunu gerektirmektedir. AKB, alttas¸ yu¨zeyinin iki ya da daha c¸ok o¨ncu¨ mad-
denin arındırma periyotları ile ayrılmıs¸ ardıs¸ık atımlarına maruz bırakıldıg˘ı o¨zel
bir kimyasal buhar biriktirme tu¨ru¨du¨r. Dig˘er du¨s¸u¨k sıcaklık ince film biriktirme
teknikleriyle kars¸ılas¸tırıldıg˘ında, AKB, son derece muntazam ve konformal ince
filmlerin angstrom-altı kalınlık kontrolu¨ ile biriktirilmesini sag˘layan, kendi ken-
dini sınırlayan bu¨yu¨tme mekanizması ile dikkat c¸eker. U¨stelik, film biles¸iminin
alt do¨ngu¨lerin nispi sayısı ile dijital olarak kontrol edildig˘i alas¸ım ince filmler de
AKB ile kolayca biriktirilebilmektedir.
Bu tezde, III-nitru¨rler ic¸in plazma-destekli AKB (PD-AKB) is¸lemlerinin
gelis¸tirilmesini rapor etmekte, biriktirilen ince filmler ve u¨retilen nanoyapılar
ic¸in detaylı karakterizasyon sonuc¸ları sunmaktayız. Polikristal vu¨rtzit AlN ince
filmlerin PD-AKB yo¨ntemi ile bu¨yu¨tu¨lmesi 100 ile 500 ○C arasında deg˘is¸en
sıcaklıklarda, trimetilalu¨minyum (AlMe3) kullanılarak gerc¸ekles¸tirilmis¸tir. AKB
penceresi ic¸erisinde kalan sıcaklıklarda (amonyak (NH3) ve N2/H2 plazma
vi
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is¸lemlerinin her ikisi ic¸in de 100-200 ○C) bu¨yu¨tu¨len filmlerin karbonsuz oldug˘u ve
nispeten du¨s¸u¨k O konsantrasyonları (<3 at.%) ic¸erdig˘i belirlenmis¸tir. AlMe3-NH3
plazma is¸leminin konformalitesi, elektro lif c¸ekimi yo¨ntemi ile elde edilmis¸ nay-
lon nanolif matrislerin tu¨kenir s¸ablonlar s¸eklinde kullanılmasıyla u¨retilen yu¨ksek
yu¨zey alanına sahip ic¸i bos¸ AlN nanolifler aracılıg˘ıyla go¨sterilmis¸tir. GaN ve
InN biriktirmek ic¸in go¨sterdig˘imiz ilk c¸abalar yu¨ksek O konsantrasyonlarına
sahip ince filmler ile sonuc¸lanmıs¸tır. Bas¸ta bu bulas¸ımın en olası kaynag˘ı, daha
ileri bir saflas¸tırma is¸lemine tabi tutulmadan kullanılan 5N kaliteye sahip NH3
gazındaki O ic¸eren safsızlıklar olarak varsayılmıs¸ olsada, daha sonraki deneyler
gerc¸ek kaynag˘ın endu¨ktif es¸les¸mis¸ RF-plazma (EEP) kaynag˘ında bulunan ku-
vars tu¨p oldug˘unu ortaya koymus¸tur. Bu s¸artlar altında, N ic¸eren plazma
gazının (NH3, N2/H2 ya da N2) sec¸imi oksijenin PD-AKB ile biriktirilmis¸ AlN
ve GaN filmlerin ic¸ine dahil olma s¸iddetini belirlemis¸tir. Plazmaya bag˘lı oksi-
jen bulas¸ımını tamamen engelleme c¸abası olarak, AKB sisteminin orijinal ku-
vars esaslı EEP kaynag˘ı paslanmaz c¸elik oyuk katod plazma (OKP) kaynag˘ı ile
deg˘is¸tirilmis¸; bu sayede du¨s¸u¨k safsızlık konsantrasyonlarına (O, C <1 at.%) sahip
AlN, GaN ve AlxGa1−xN kristal ince filmler AlMe3 ve trimetilgalyum (GaMe3)
kullanılarak du¨s¸u¨k sıcaklıklarda oyuk katod PD-AKB (OKPD-AKB) yo¨ntemi
ile bu¨yu¨tu¨lmu¨s¸tu¨r. AlxGa1−xN filmlerin optik bant kenarı deg˘erlerinin artan Al
ic¸erig˘i ile du¨s¸u¨k dalga boylarına kayması bant kenarı deg˘erlerinin alas¸ım biles¸imi
ile ayarlanabildig˘ini belirtmektedir. InN filmlerin OKPD-AKB ile bu¨yu¨tu¨lmesi
de bu c¸alıs¸ma kapsamında incelenmis¸, elde edilen ilk sonuc¸lar siklopentadienil
indiyum (CpIn) kullanılarak tek fazlı vu¨rtzit InN ince filmlerin bu¨yu¨tu¨lebilme
ihtimali oldug˘unu ortaya c¸ıkarmıs¸tır.
Anahtar so¨zcu¨kler : atomik katman biriktirme, alu¨minyum nitru¨r, galyum nitru¨r,
indiyum nitru¨r, ince film, dijital alas¸ımlama, plazmaya bag˘lı oksijen bulas¸ımı,
endu¨ktif es¸les¸mis¸ plazma, oyuk katod plazma, ic¸i bos¸ nanolif, s¸ablona dayalı sen-
tez, trimetilalu¨minyum, trietilgalyum, trimetilgalyum, trimetilindiyum, siklopen-
tadienil indiyum, amonyak, nitrojen, hidrojen.
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Chapter 1
Introduction
In the last few decades, considerable research has been devoted to the growth
and characterization of III-nitride compound semiconductors (AlN, GaN, InN)
and their alloys, which emerged as versatile and high-performance materials for
a wide range of electronic and optoelectronic device applications. Wurtzite type
III-nitrides exhibit direct band gaps, which extend from ultraviolet (UV) to the
mid-infrared (IR) spectrum with values of 6.2, 3.4 and 0.64 eV for AlN, GaN
and InN, respectively [1–8]. This feature allows the band gap of any ternary or
quaternary III-nitride alloy to be easily tuned within the specified limits to adjust
a particular application. Metalorganic chemical vapor deposition (MOCVD) [9,
10] and molecular beam epitaxy (MBE) [11] have already been proven to be
successful techniques for achieving high-quality epitaxial III-nitride layers with
low impurity concentrations and decent electrical properties. However, both of
these methods employ high growth temperatures, which is neither compatible
with the existing complementary metal-oxide-semiconductor (CMOS) technology
nor suitable for temperature-sensitive device layers (e.g., In-rich InxGa1−xN) and
substrates (e.g., glass, flexible polymers, etc.). This incompatibility necessitates
the development of alternative low-temperature processes for the deposition of
III-nitride thin films and their alloys.
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In this respect, atomic layer deposition (ALD) is a low-temperature material
growth method, which is based on self-terminating surface reactions [12]. Un-
like chemical vapor deposition (CVD), in ALD, precursors are pulsed into the
reactor one at a time, separated by purging and/or evacuation periods. Unless
decomposition occurs, precursor molecules do not tend to react with themselves
and hence reaction terminates when all the available reactive surface sites are
occupied. This special growth mechanism is termed as self-limiting and results
in highly uniform and conformal thin films, whose thicknesses can be controlled
at the sub-angstrom scale. This makes ALD a powerful method especially for
depositing films on nanostructured templates, which is considered as a successful
approach for improving efficiency and/or sensitivity of devices through surface
area enhancement. Moreover, alloy thin films can be easily deposited using ALD,
either by controlling the relative vapor pressures of the precursors which are be-
ing pulsed into the reactor simultaneously during one of the half-cycles, or by
designing a cycle that consists of subcycles of the constituent materials. The
latter, which is generally named as digital alloying, is a unique and facile route
for obtaining alloy thin films with well-defined compositions.
The motivation behind this study is, therefore, to develop ALD processes for
AlN, GaN and InN thin films for
• low-temperature deposition of III-nitride thin films on sensitive device layers
and substrates,
• deposition of the ternary and quaternary alloys of III-nitride family with
desired composition and hence electrical/optical properties, and
• template-based synthesis of III-nitride nanostructures for improving effi-
ciency and/or sensitivity in selected applications through surface area en-
hancement.
This dissertation is organized as follows. Following this brief introduction, in
Chapter 2, basic background information is given. The first part of Chapter 2 is
dedicated to the ALD technique. Basic principles of ALD, criteria for the selection
of precursors, optimization of deposition parameters, as well as opportunities and
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challenges are presented along with the terms and concepts that are necessary
for the understanding of this study. In the second part of Chapter 2, an overview
of research on the ALD of III-nitride thin films is given. The third and final
part, on the other hand, focuses on the literature on template-based synthesis of
nanostructures via ALD, with a special emphasis on AlN hollow nanofibers.
Detailed information regarding to the experimental procedure, i.e., substrate
preparation, plasma-assisted ALD (PA-ALD) of III-nitride thin films and char-
acterization methods employed, is provided in Chapter 3.
In Chapter 4, we report on the self-limiting growth of crystalline AlN thin
films at low temperatures by PA-ALD using trimethylaluminum (AlMe3) with
ammonia (NH3) or N2/H2 plasma, and present results of the optimization and
characterization studies. We also demonstrate the conformality of AlMe3-NH3
PA-ALD process by presenting the characterization results of high surface area
AlN hollow nanofibers fabricated using electrospun nylon nanofibers as sacrificial
templates.
The problem of plasma-related oxygen contamination is addressed in Chapter
5. In this chapter, we present the results of our initial efforts to deposit GaN
and InN thin films, which is followed by the exhibition of results evidencing the
correlation between severity of O incorporation and choice of N-containing plasma
gas (N2, N2/H2 or NH3) for AlN and GaN thin films.
In Chapter 6, we report on the effectiveness of hollow cathode plasma [13,
14] for the low-temperature deposition of crystalline AlN, GaN and AlxGa1−xN
thin films with low impurity concentrations. Preliminary results regarding to
the hollow cathode PA-ALD (HCPA-ALD) of InN thin films are also presented
within the scope of this chapter. Finally, the thesis concludes with a summary of




2.1 Atomic Layer Deposition
Atomic layer deposition (ALD) is a special type of chemical vapor deposition
(CVD) technique, which proceeds via sequential self-terminating gas-solid reac-
tions. Being different from the other CVD techniques, ALD takes place in a cyclic
manner, where precursors are pulsed into the reactor one at a time, separated
by purging and/or evacuation periods. Each precursor exposure step saturates
the substrate surface with a monomolecular layer of that precursor. This spe-
cial growth mechanism is termed as self-limiting and results in highly uniform
and conformal thin films, whose thicknesses can be simply controlled at the sub-
angstrom scale.
Development of this technology has been majorly driven by the semiconduc-
tor industry, with an ultimate aim of simultaneously decreasing feature sizes,
increasing aspect ratios, improving device architectures and adapting new mate-
rials. Applications of this method in device manufacturing include deposition of
high-κ dielectric materials (such as Al2O3, HfO2 and ZrO2) as both alternative
gate oxides in metal oxide semiconductor field effect transistors (MOSFETs) and
capacitor dielectrics in dynamic random access memories.
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Over the years, ALD was referred to with many different names, including:
atomic layer epitaxy, atomic layer growth, molecular layer epitaxy, and molecu-
lar layering [12, 15]. The starting point of ALD is, however, controversial [12].
According to most sources, it was invented with the name of “atomic layer epi-
taxy (ALE)” in the late-1970s by Suntola and his co-workers in Finland [16–18].
The motivation behind its development was to grow high-quality ZnS films for
thin film electroluminescent flat panel displays [19]. In the review article she
authored, Puurunen [12] pointed out that the origin of ALD dates back to the
work made in Soviet Union in the 1960s by the group of Professor Aleskovskii,
who - in 1965 - described the TiCl4-H2O and GeCl4-H2O processes to grow TiO2
and GeO2 films, respectively. Puurunen further deduced that the Finnish and
Russian groups were not aware of each other’s research until the late-1980s.
Plasma-assisted ALD (PA-ALD), in which the surface is exposed to highly
reactive radical species during one of the half-cycles, on the other hand, was
first reported by de Keijser and van Opdorp in 1991 [20]. The method was then
patented in 1996 by Sherman [21]. For comprehensive reviews on the histories
of thermal and plasma-assisted ALD, readers may refer to Ref. [12] and [22],
respectively.
2.1.1 Basic Principles
ALD is a thin film deposition technique, where two or more precursors are exposed
to the substrate surface in a sequential manner, separated by purging and/or
evacuation periods. Note that the separation of precursors can be temporal or
spatial depending on the reactor being used. ALD is therefore a cyclic process,
and one ALD cycle consists of at least four steps:
1. Exposure of the first precursor
2. Purge and/or evacuation to remove non-reacted precursor molecules and
gaseous by-products
3. Exposure of the second precursor (occasionally referred as the reactant)
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4. Purge and/or evacuation to remove non-reacted precursor (reactant)
molecules and gaseous by-products
Unless decomposition occurs, precursor molecules do not tend to react with
themselves, and hence the gas-solid reaction taking place at the substrate sur-
face (steps 1 and 3) terminates when all the available reactive surface sites are
occupied. This results in a unique self-limiting thin film growth mechanism,
where same amount of material is deposited in each cycle, which is known as
the growth per cycle (GPC). General characteristics of the surface chemistry of
ALD, including the requirements for self-terminating reactions, adsorption kinet-
ics, chemisorption mechanisms, factors causing saturation, growth of less than
a monolayer (ML)/cycle, and growth mode were reviewed in detail by Puu-
runen in Ref. [12]. Readers may also refer to reviews authored by Ritala and
Leskela¨ [15, 23], George [24] and Miikkulainen et al. [25].
The special growth mechanism of ALD ensures that GPC increases and even-
tually saturates at ≤1 ML/cycle with the increasing amount (dose) of precursor
molecules. However it should be noted that at some point purging duration may
become insufficient and dissimilar precursor molecules can meet at the gas phase,
resulting in a CVD-like growth, where the self-limiting characteristic is destroyed
(see Figure 2.1(a)).
The temperature range, in which an ALD process satisfies the requirements
of self-terminating surface reactions, is known as the ALD window. Figure 2.1(b)
shows the variation of GPC with temperature in its generally accepted form. It
should be noted that the GPC does not need to be constant in the ALD window.
GPC is known to have temperature dependency due to the effect of temperature
on the number and type of reactive sites present on the surface before and after
chemisorption, and due to the effect of temperature on the preferred reaction
mechanism [12].
As mentioned in the previous paragraphs, ideally, same amount of material
should be deposited in each cycle. However, GPC might be expected to vary with
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Figure 2.1: (a) Variation of GPC with the increasing dose of precursor molecules.
ALD and CVD regimes are indicated on the figure. (b) GPC as a function of
temperature. ALD window, in which the process satisfies the requirements of
self-terminating surface reactions, is depicted on the figure.
which might be different for the surfaces of original substrate and ALD-grown
material. Therefore, ALD processes may exhibit different growth behaviors as
shown in Figure 2.2, all of which expected to become linear after a sufficient
number of ALD cycles.
More freedom in the processing conditions can be achieved by activating
plasma during one of the half-cycles. Decreased process temperatures and in-
creased GPC, as well as reduced purge steps and reduced/eliminated nucleation
delay are some well-known characteristics of PA-ALD. The use of plasma radicals
also increases the choice of precursors and materials by enabling lower reactiv-
ity precursors, and features processing versatility (e.g., in situ treatments of the
substrate and deposited film). When compared to conventional thermal ALD,
PA-ALD is known to be superior in terms of material properties (i.e., mass den-
sity, impurity content, etc.), stoichiometry and film composition [22, 26]. On the
other hand, conformality (or step coverage) of PA-ALD is generally inferior to
that of thermal ALD due to radical recombination [22, 26, 27]. Plasma-induced
damage, especially in the case of direct plasma, is also commonly mentioned as a























Figure 2.2: The dependency of GPC on the number of ALD cycles reveals different
types of growth behavior: (a) linear, (b) substrate-enhanced, and (c) substrate-
inhibited.
configurations, merits and challenges of PA-ALD with some selected applications
has recently been published by Profijt et al. [22].
2.1.2 Selection of Precursors
A variety of inorganic and metalorganic precursors, which are generally classified
according to their ligand groups, have been reported to be used in ALD pro-
cesses [12, 15]. Volatility, stability, reactivity, and availability of the precursor,
and inertness of its by-products, are commonly referred as the five requirements
that a precursor must fulfill.
• Volatility - The selected precursor must be volatile either at room temper-
ature or at higher temperatures. Although the required vapor pressure of
precursor is reactor specific, 0.1 and 1 Torr are generally referred as the
minimum and desired values, respectively. Vapor pressure curves of met-
alorganic precursors used in this study, as calculated from the equations
given in Ref. [28–31], are given in Figure 2.3. Trimethylaluminum (AlMe3),
triethylgallium (GaEt3) and trimethylindium (InMe3) were used at room
temperature as their vapor pressures range between 2.6-11.6 Torr at this
temperature. As seen from Figure 2.3, trimethylgallium (GaMe3) has a very
high vapor pressure at room temperature (i.e. ∼228 Torr). This precursor
8
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Figure 2.3: Vapor pressures of the metalorganic precursors used in this study as
a function of temperature.
was therefore cooled down to ∼6 ○C in an effort to decrease its equilibrium
vapor pressure. The vapor pressure of cyclopentadienyl indium (CpIn) was
reported as 0.1 Torr at 40 ○C [32]. We were able to see clear pulses of CpIn
only at precursor temperatures ≥85 ○C.
• Stability - The precursor molecules must be stable and not decompose ther-
mally at the ALD processing temperature as their reaction with the sub-
strate surface or growing film must be self-terminating. Self-decomposition
of the precursor molecules would destroy the self-limiting thin film growth
mechanism, and result in a CVD-like growth.
• Reactivity - Since precursor molecules do not meet at the gas phase, most
aggressively reacting precursor combinations must be preferred in ALD.
This would ensure short cycle times and effective precursor utilization via
rapid completion of the gas-surface reactions.
• Availability - The selected precursor must be easy to synthesize and/or
found in relatively abundant quantities.
• Unreactive volatile by-products - The selected precursors should preferably
produce unreactive volatile by-products, which can be easily purged out
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from the reactor. Reactive by-products may corrode the reactor parts and
thereby decrease the lifetime of deposition system. Moreover, they may etch
the growing film and/or compete with the following precursor for available
reactive surface sites.
It should be emphasized that the process conditions (i.e., temperature, pulse
and purge durations), residual contaminates (Cl, C, H, etc.) remaining in the
ALD-grown film, as well as electrical and optical properties, and physical mor-
phology of the film are governed by the choice of precursors. As semiconducting
materials are more sensitive to impurities than any other material, the purities
of the selected precursors and carrier gas are also important.
2.1.3 Optimization of Deposition Parameters
As the first step of optimization studies, saturation curves are obtained for both
precursors. Saturation values should be determined depending on the uniformity
of targeted substrate area. In this study, we performed experiments by gradu-
ally increasing the pulse length of a precursor, while keeping all other variables
constant. We obtained GPC values by dividing the thickness values obtained
from spectroscopic ellipsometry or X-ray reflectivity measurements by the num-
ber of ALD cycles. In a typical ALD process, GPC is expected to first increase
and then reach saturation with increasing pulse length since it proceeds via self-
terminating gas-solid reactions. It should be noted that the saturation behavior
will not be observed if precursor molecules decompose at the deposition temper-
ature and/or different types of precursor molecules meet at the gas phase as a
result of insufficient purging.
As the following step, ALD temperature window (i.e., the temperature range
at which film growth takes place in a self-limiting manner) is determined. For this
purpose, thin films are deposited at different temperatures using saturation values
of precursor pulse lengths and predetermined purge durations. It should be noted
that the purging efficiency increases with temperature. Therefore predetermined
purge durations may not apply at lower temperatures. Plotting the GPC values
10
as a function of deposition temperature is expected to reveal the ALD window.
However, as also mentioned in Section 2.1.1, GPC may have temperature depen-
dency. In such cases, the best approach would be to obtain saturation curves at
different temperatures.
Finally, the growth behavior is determined by the deposition of different num-
ber of ALD cycles using optimized parameters, and then plotting the GPC (or
film thickness) data as a function of number of cycles. Different types of growth
behavior are shown in Figure 2.2.
Optimization of deposition parameters using ex situ characterization tools re-
quires a significant number of thin film samples to be prepared. Although deposi-
tion experiments are generally done using minimum doses of precursors and mini-
mum number of ALD cycles, still considerable amounts of time and source materi-
als are needed. In this respect, ALD processes have been effectively studied using
in situ characterization tools, such as spectroscopic ellipsometry [33–35], quartz
crystal microbalance [32, 34, 36], mass spectroscopy [32, 34, 37], Fourier trans-
form infrared spectroscopy [33, 36, 38], and optical emission spectroscopy [34], not
only for the optimization of deposition parameters, but also for the investigation
of early stages of ALD processes (i.e., nucleation and growth) and determination
of reaction mechanisms.
2.1.4 Opportunities and Challenges
The self-limiting growth mechanism of ALD results in unique advantages in-
cluding accurate and simple film thickness control, excellent conformality and
uniformity over large areas, composition control, and repeatability. Characteris-
tic features of ALD and the consequent advantages as summarized by Ritala and
























































































































































































































































































































































































































































































































































































































Atomic level control of material composition enables the deposition of sharp
interfaces, quantum wells [39], superlattices and nanolaminates [40–42], as well as
graded [43], alloy [44] and doped [45, 46] thin films. Digital control of thickness, as
well as conformal and non-line-of-site deposition, on the other hand, makes ALD
a powerful method for coating particles [47] and synthesizing complex nanostruc-
tures using templates such as anodic aluminum oxide membranes [48], carbon
nanotubes [49], etc. The low-temperatures used in ALD further allow deposition
on temperature-sensitive organic substrates (flexible polymers [50], electrospun
nanofibers [51, 52], self-assembled peptide nanofibers [53], etc.), even on biological
templates such as butterfly wings [54] and tobacco mosaic viruses [55]. By taking
advantage of the non-uniform deposition at the early stages of ALD, quantum
dots and nanoparticles can also be deposited on various substrates [52, 56, 57].
For additional examples of novel applications, readers may refer to review arti-
cles authored by Knez et al. [58] and Kim et al. [59]. These articles also mention
area-selective ALD, which is accomplished by the selective passivation of reactive
surface sites by immobilizing molecules [60].
The slowness of the film growth is often considered as a major disadvan-
tage of this process. However, in most cases, the low thickness requirement for
films (typically <200 A˚), together with the large-batch processing capability of
ALD [61, 62] compensate this drawback and make ALD deposition rates suffi-
cient to meet manufacturing requirements. It has been also shown that the cycle
times can be reduced significantly by the use of novel reactor designs enabling
roll-to-roll ALD via spatial separation of the precursors [62–64].
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2.2 ALD of III-Nitride Thin Films
2.2.1 Aluminum Nitride Thin Films
Thermal ALD (or ALE) of aluminum nitride (AlN) has been extensively
studied using ammonia (NH3) and various Al precursors: aluminum trichlo-
ride (AlCl3) [65, 66], dimethylethylamine alane (Me2EtN:AlH3) [67–70], tri-
ethylaluminum (AlEt3) [71, 72], trimethylaluminum (AlMe3) [66, 73–89],
trimethylamine alane (Me3N:AlH3) (with deuterated ammonia (ND3)) [90], and
tris(dimethylamido)aluminum (Al2(NMe2)6) [91–93]. Ti(Al)N thin films were also
deposited using AlMe3 and ND3 precursors [37]. AlN thin films deposited using
thermal ALD (or ALE) found applications as buffer layers for the growth of high-
quality materials [77, 85], blocking layers against dopant diffusion [94, 95], insulat-
ing/passivating interfacial layers for MOSFETs [91, 92] and In0.53Ga0.47As/ZrO2
interfaces [96], as well as surface passivation layers for surface channel field effect
transistors [88], 4H-SiC devices [97, 98], tungsten nitride films [99], and photoac-
tive magnetic nanoparticles [89]. ALD-grown AlN films were also used for the
fabrication of annular photonic crystals [86].
Although there were publications on the PA-ALD of TixAl1−xN [100–102] and
AlON [103–105] films, PA-ALD of AlN was first reported in 2004 by Lee et
al. [106], where AlN thin films were deposited at 350 ○C using AlCl3 and NH3/H2
plasma. Growth rate of this process saturated at ∼0.42 A˚/cycle, resulting with
films composed of microcrystallites of wurtzite (100) in an amorphous AlN ma-
trix [107]. Although AlCl3 is a highly reactive and thermally stable precursor,
which yielded good results in terms of achieving true ALD conditions, the use of
halogenated precursors is in general not preferred due to several reasons. Most
importantly, their reaction with hydrogen-containing nonmetals results in gaseous
corrosive by-products (HCl in the case of chloride precursors), which can etch the
deposited film, as well as the reactor components. Furthermore, halide ligands
incorporate into the growing film and remain as impurities. They also create a
memory effect in the chamber; i.e. residual halides in the system contaminate
the subsequently deposited films for a long period of time following the use of a
14
halogenated precursor.
Among all the metalorganic Al precursors listed above, AlMe3 is probably
the most recognized one due to the well-known AlMe3-H2O thermal ALD process
that is designed for depositing dielectric Al2O3 layers [12]. Unfortunately, thermal
ALD of AlN using AlMe3 and NH3 is not possible since these two precursors only
react at temperatures where AlMe3 self-decomposition occurs [76]. Therefore,
true ALD conditions for the deposition of AlN using AlMe3 and NH3 can only
be achieved if the deposition temperature is lowered by enhancing the reactivity
of NH3 using an external energy source, such as plasma. PA-ALD of nitride thin
films is not limited with the use of NH3; alternatively, a mixture of N2 and H2
gases can also be employed to create similar plasma radicals.
It is worth mentioning that at the time we started this research there were
only few publications reporting on the plasma- and UV-assisted ALD of AlN. Liu
et al. [83] studied PA-ALD of AlN within the temperature range of 250-470 ○C,
using AlMe3 and NH3 plasma as the Al and N precursors, respectively; however
they did not observe a clear self-limiting growth behavior. Eom et al. [108], on
the other hand, demonstrated the UV-assisted ALD of AlN at 240-370 ○C using
the same precursor combination. Remote plasma ALD of amorphous AlN thin
films using AlMe3 and N2/H2 plasma was reported by Kim et al. [109]. In their
study, growth rate saturated at ∼1.25 A˚/cycle within the range of 100-400 ○C and
then decreased with increasing temperature.
The number of publications focusing on the PA-ALD (or plasma-assisted
ALE, PA-ALE) of AlN using AlMe3 has increased considerably in the last few
years [27, 110–115]. AlN films deposited using NH3 [27, 111], NH3/N2 [112, 113],
N2/H2 [113, 114], and N2 [113] plasmas were reported to be either amorphous
or polycrystalline. In a recent study, Nepal et al. [115] demonstrated the PA-
ALE of AlN films at 200-650 ○C using AlMe3 and N2 plasma, and emphasized
the significance of ex situ and in situ surface pretreatments for promoting two-
dimensional nucleation, and hence the epitaxial growth of AlN thin films. In
their study, growth parameters were optimized for the highest quality mate-
rial, which was achieved at 500 ○C with a CVD component in the film growth
15
mechanism. PA-ALD and -ALE grown AlN thin films were used in resistive
memories [116], transistors [117–124] and in other devices/structures for work
function tuning [125, 126] and passivation [127–131]. AlN mask layers grown by
low-temperature PA-ALD were also demonstrated [132]. Very recently, Choi et
al. [133] reported on the applicability of Ru-AlN thin films prepared by PA-ALD
as a novel multifunctional heating resistor film for non-passivated type thermal
inkjet printer devices.
2.2.2 Gallium Nitride Thin Films
When compared to AlN, significantly less number of publications concentrated
on the ALD of gallium nitride (GaN) thin films. Thermal and plasma-assisted
ALE, as well as thermal ALD of GaN have been studied at temperatures >450○C using triethylgallium (GaEt3) [134, 135], trimethylgallium (GaMe3) [136–141]
and gallium trichloride (GaCl3) [142, 143] precursors. Lower ALE growth tem-
peratures (350-400 ○C) were achieved when gallium chloride (GaCl) was used as
the Ga precursor [144, 145]. Sumakeris et al. [146] used a novel reactor design
that employs hot filaments to decompose the NH3 and deposited epitaxial GaN
films using GaEt3 within the temperature range of 250-350 ○C. Recently, Sharp
et al. [147] presented their results on the PA-ALD of GaN thin films at 150-350○C using GaEt3 and N2/H2 plasma as the Ga and N precursors, respectively. In
their study, the concentrations of O and C impurities in GaN films were reported
as ≥3 at.%.
Table 2.2 summarizes the details of experimental investigations focusing on
the ALD (or ALE) of GaN thin films. Note that some of these processes do not
fully obey the requirements of ALD (e.g, gas phase reactions, decomposition of
the precursors, etc.) although they were named as ALD (or ALE) by the authors.
The most apparent ones are Ref. [141] and [148], where one of the precursors was
continuously supplied during the entire process. It is worth mentioning that there
is a significant number publications in literature reporting such processes, which





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































2.2.3 Indium Nitride Thin Films
The literature on the ALE of indium nitride (InN) is very limited. The first study
was published in 1991 by Higuchi et al. [154], who reported the ALE of polycrys-
talline hexagonal wurtzite InN (h-InN) thin films using indium trichloride (InCl3)
and NH3. In their study, InN films were deposited on quartz and c-plane sapphire
substrates at temperatures ranging from 420 to 520 ○C. The highest growth rate,
which was observed at 460-480 ○C, was >1 monolayer (ML)/cycle, suggesting the
absence of a self-limiting characteristics. It is also worth mentioning that the
grown surfaces had an island structure as reported by the authors. The optical
and electrical properties, as well as phonon structure of the epitaxial h-InN thin
films, which were deposited via UV-assisted ALE using InCl3 and NH3 precursors,
were reported by Inushima et al. [155, 156]. For the film deposited at 440 ○C,
growth rate was determined as 2.8 A˚/cycle, which corresponds to ∼1 ML/cycle
for c-axis oriented h-InN.
InN and InxGa1−xN thin films were also deposited using ethyldimethylindium
(InEtMe2) and NH3 [77, 138, 149–151, 157]. Boutros et al. [138, 149] demon-
strated the ALE of single crystal InxGa1−xN (0 ≤ x ≤ 0.27) thin films at 600-700○C, where growth conditions were optimized to obtain high-quality films rather
than to achieve a self-limiting characteristic. In their study, incorporation ef-
ficiency of In in the growing InxGa1−xN film increased with decreasing growth
temperature. McIntosh et al. [77] reported that the incorporation of In into the
ternary alloy involves a complicated set of reaction pathways, which depend on
the precursor In/Ga ratio, the absolute partial pressures of the In and Ga precur-
sors above the growing film, and on the growth temperature. In their following
articles, authors presented a model for the In incorporation during the growth
of InxGa1−xN films [150, 157]. They also studied the effect of hydrogen on the
In incorporation [151]. ALE of epitaxial InN films was realized at 480 ○C on
AlN buffer layers grown by ALE on sapphire substrates [77, 157]. Lower growth
temperatures resulted in polycrystalline films, while at higher temperatures the
formation of InN was practically inhibited due to the reduced thermal stability.
Authors also reported the formation of In metal on the surface of growing film
21
with the use of high InEtMe2 fluxes.
In a recent study, InN thin films having either a novel cubic and/or a hexag-
onal phase were grown by PA-ALE [158]. In their study, Nepal et al. used
trimethylindium (InMe3) and N2 plasma as the In and N precursors, respectively.
They observed two distinct ALE windows for the samples deposited on both ex
situ and in situ treated substrates; i.e., 175-185 ○C and 220-260 ○C. InN film
deposited at 183 ○C on a-plane sapphire substrate was epitaxial with a novel
NaCl-type crystal structure. In the higher temperature window, on the other
hand, InN grown on a-plane sapphire was dominated by the hexagonal structure,
with a small component of the NaCl-type cubic phase.
2.3 Template-Based Synthesis of Nanostruc-
tures via ALD: AlN Hollow Nanofibers
AlN, which is the widest band gap compound of III-nitride family, exhibits attrac-
tive material properties such as wide and direct band gap of 6.2 eV (hexagonal
AlN), small (even negative) electron affinity, significant piezoelectric response,
good dielectric properties, chemical stability, high thermal conductivity, and low
thermal expansion. Owing to this unique set of properties, nanostructures of AlN
(e.g., nanotubes [159–164], hollow nanofibers [165], etc.) have recently attracted
considerable attention as promising candidates for high surface area, high sen-
sitivity chemical and biological sensor applications [166, 167]. Template-free or
template-based approaches may be adopted for the syntheses of nanostructures.
In most cases, template-free methods were reported for tubular AlN nanostruc-
tures. Polycrystalline cubic AlN (c-AlN) nanotubes were synthesized by gas-
phase condensation using the solid-vapor equilibrium and their field emission
properties were investigated [159]. Faceted hexagonal AlN (h-AlN) nanotubes
were obtained by nitriding the aluminum powder in a horizontal tubular fur-
nace [160]. c-AlN nanotubes were produced by reacting AlCl3 and NH3 gases
at 1200 ○C [161]. Nanotubes of AlN were obtained as the side product while
synthesizing a bulk layer of AlN polycrystals [162]. Amorphous AlN nanotubes
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filled with nickel nanoparticles were also realized through the reaction of NH3
over Ni-Al thin film at 1000 ○C [163]. Recently, synthesis of h-AlN nanotubes
by a roll-up approach at 350 ○C was reported, using AlP and NaN3 as the Al
and N sources, respectively [164]. Polycrystalline h-AlN hollow nanofibers were
produced by carbothermal reduction and nitridation of precursor fibers obtained
by electrospinning [165].
Methods reported in the above-mentioned studies generally require high tem-
peratures (>1000 ○C) and in some cases there exist additional morphologies such
as nanoparticles or nanowires in the final product. The most obvious constraint
of template-free synthesis is probably the limited control over the properties of
resulting structure (e.g., crystal structure, dimensions, etc.). Template-based
synthesis, on the other hand, is a straightforward way of producing nanostruc-
tures with controlled properties, which in general requires a suitable deposition
method and a sacrificial substrate having the desired geometry. Selected tem-
plate material should not only be resistant to the growth ambient (temperature,
pressure, gases), but should be able to disappear with a simple post-deposition
treatment as well, unless it has a function in the final structure. Yin et al. [168]
reported on the synthesis of coaxial C-AlN-C composite nanotubes at 1600 ○C
using a chemical substitution reaction in a controllable two-stage process using
multiwalled carbon nanotubes as templates. Another example was demonstrated
by Stan et al. [169], in which epitaxial h-AlN shells were grown by metalorganic
CVD (MOCVD) at 1000 ○C around GaN nanowire templates. Templates were
then removed by annealing at 1120 ○C under H2 atmosphere, leaving behind
empty AlN shells. Temperatures used for the synthesis of AlN nanostructures
can be lowered considerably by alternating the deposition method. Besides being
a low-temperature process, ALD also offers precise thickness control as well as
excellent uniformity and conformality with its self-limiting growth mechanism.
These unique characteristics make ALD a powerful technique for synthesizing
nanostructures through template-based methods.
Variety of templates can be used as the deposition temperature decreases.
For instance, polymers are promising materials as sacrificial templates due to
their availability, design flexibility and very low cost. Polymeric fibers having
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diameters in the range of few micrometers to few hundred nanometers can be
obtained via electrospinning, a basic process in which a polymer solution or melt
pumped from syringe is subjected to high voltages. The shapes and dimensions
of the electrospun nanofibers can be easily tuned by varying the polymer type,
polymer concentration, solvent type, or controlling the electrospinning param-
eters including applied voltage, tip-to-collector distance, flow rate, etc. [170].
Very recently, electrospinning and ALD processes have been combined for syn-
thesizing tubular nanostructures. Peng et al. [171] used electrospun polymeric
fiber template for fabricating long and uniform metal oxide microtubes with
precise wall thickness control. In their study, Al2O3 was deposited by ALD
on electrospun polymeric microfibers; polymeric core was then selectively re-
moved by calcination. This approach was also applied for the fabrication of
hollow nanofibers (or nanotubes) of various sizes from various materials such as
HfO2 [172], SnO2 [173, 174], TiO2 [175, 176], and ZnO [177, 178] using differ-
ent electrospun polymeric nanofiber templates. Moreover, NiFe2O4-TiO2 [179],
TiO2-ZnO [180], SnO2-ZnO [181], and nylon-ZnO [51, 52] core-shell nanofibers,
as well as microtube-in-microtube ZnAl2O4 assemblies [182] were also fabricated
successfully by combining electrospinning and ALD processes. To the best of our
knowledge, synthesis of AlN hollow nanostructures by combining electrospinning




3.1 Preparation of Substrates
3.1.1 Planar Substrates
Si (100), Si (111), c-plane sapphire, MOCVD-grown GaN on c-plane sapphire,
and glass (Pyrex) substrates were cleaned by sequential ultrasonic agitation in
2-propanol, acetone, methanol, and deionized (DI) water. For the native oxide
removal, Si substrates were further dipped into dilute hydrofluoric acid solution
(HF, 2 vol.%) for 1-2 min, then rinsed with DI water and dried with N2. Sub-
strates were then immediately loaded to the reactor using a load lock and kept
at the deposition temperature for at least 20 min before the run was initiated.
3.1.2 Nanofiber Templates Prepared by Electrospinning
Electrospun Nylon 6,6 nanofiber templates having different average fiber di-
ameters were produced using different solvent systems (1,1,1,3,3,3-hexafluoro-
2-propanol (HFIP; ≥99%, Sigma-Aldrich) and formic acid (98-100%, Sigma-
Aldrich)) and polymer concentrations. 8 wt.% Nylon 6,6 (relative viscosity
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230.000-280.000) pellets were dissolved in formic acid; 5 wt.% and 8 wt.% Ny-
lon 6,6 were dissolved in HFIP separately for 3 h. Prepared homogeneous clear
solutions were loaded individually in a 3 mL syringe fitted with a metallic nee-
dle having 0.8 mm inner diameter. Syringe was fixed horizontally on the syringe
pump (Model: KDS 101, KD Scientific) and polymer solutions were pumped with
a feed rate of 1 mL/h during electrospinning. Electrospinning of the solutions was
performed by applying a voltage of 15 kV to the metal needle tip by high voltage
power supply (AU Series, Matsusada Precision). Tip-to-collector distance was
set at 10 cm. On the way to the grounded stationary cylindrical metal collector
(height: 15 cm, diameter: 9 cm) covered by a piece of aluminum foil, the solvents
evaporated; and solid electrospun Nylon 6,6 nanofibers were deposited on the col-
lector. The electrospinning setup was enclosed in a Plexiglas box, which allowed
electrospinning process to be carried out at 24 ○C and 30% relative humidity.
Morphologies and fiber diameters of the electrospun nanofibers were analyzed by
scanning electron microscopy (SEM; FEI Quanta 200 FEG SEM). Average fiber
diameters of the samples were calculated by measuring diameters of ∼100 different
fibers from high magnification SEM images.
3.2 Plasma-Assisted Atomic Layer Deposition
of III-Nitride Thin Films
3.2.1 Precursors and Plasma Gases
Metalorganic precursors, namely trimethylaluminum (Al(CH3)3 or AlMe3),
trimethylgallium (Ga(CH3)3 or GaMe3), triethylgallium (Ga(C2H5)3 or GaEt3),
trimethylindium (In(CH3)3 or InMe3) (Sigma Aldrich, SAFC Hitech) and cy-
clopentadienyl indium (C5H5In or CpIn) (Strem Chemicals) were used as the
group-III source materials. AlMe3, GaEt3 and InMe3 were used at room tem-
perature. GaMe3 was cooled down to 6 ○C using a home-made Peltier cooling
system, whereas CpIn was heated to 85 ○C.
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5N-grade plasma gases, ammonia (NH3), N2 and H2, and the carrier gas, Ar,
were used without any further purification during the depositions described in
Chapter 4, as well as Sections 5.1 and 5.2. NH3, N2, H2, and Ar were further
purified using MicroTorr gas purifiers during the depositions described in Section
5.3 and Chapter 6.
3.2.2 The Reactor
Plasma-assisted atomic layer deposition (PA-ALD) of III-nitride thin films was
carried out at temperatures ranging from 100 to 500 ○C in Fiji F200-LL ALD
reactor equipped with an inductively coupled RF-plasma (ICP) source (Ultrat-
ech/Cambridge Nanotech). The configuration and main components of the PA-
ALD system are depicted in Figure 3.1. Unless stated otherwise, the door and
turbo Ar purges were on, former being set to 50 sccm. Metalorganic precur-
sor pulses and plasma gases were carried from separate lines using Ar. Remote
plasma (300 W) was activated at each PA-ALD cycle only during the flow of
N-containing plasma gas.































Turbo Purge (Ar) 
Figure 3.1: Schematics of the Fiji F200-LL PA-ALD system.
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Due to the technical difficulties encountered, the original backing pump of the
PA-ALD system (Adixen ACP 120G) was replaced with pumps having different
pumping speeds. In order to obtain similar base pressures, flow rates of the
metalorganic precursor carrier, plasma gas carrier and door purge, and speed of
the Adixen ATH 400M turbo pump were adjusted. Table 3.1 summarizes these
details for samples deposited within the context of this work.
Table 3.1: Details regarding to the Fiji F200-LL PA-ALD system: Backing
pumps, flow rates of the metalorganic precursor carrier, plasma gas carrier and
door purge, turbo speed, and the resulting base pressure.
Chapter/Section 4, 5.1, 5.2 5.3.1a 5.3 6
Backing pump Adixen Anest Iwata Anest Iwata Edwards
ACP 120G ISP-250C ISP-250C nXDS20iC
Flow rates (sccm)
Metalorganic carrier 60 45 30 30
Plasma carrier 200 150 100 100
Door purge 50 30 0 50
Turbo speed (rpm) 21500 31500 25000 25000
Base pressure (mTorr) 200-250 200-250 ∼150 ∼150
aOnly for the GaMe3-NH3 plasma process described in Section 5.3.1.
During the GaN and AlN depositions described in Section 5.3, load lock of
the PA-ALD system was temporarily disabled. Therefore, samples were loaded to
the reactor through the main gate while the reactor was at atmospheric pressure.
The gate was then closed using a custom-made aluminum lid and the reactor was
evacuated. Reactor was baked out at 250 ○C for ∼12-18 h prior to each deposition.
After these bake outs, the lowest vacuum level was measured as 8.2×10−6 Torr at
190 ○C.
The depositions described in Chapter 6 were carried out in a modified Fiji
F200-LL ALD reactor. In this modified configuration, the original quartz-based
ICP source of the ALD system was replaced with a stainless steel hollow cath-
ode plasma (HCP) source (Meaglow Ltd.) [13, 14]. The original RF power supply
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(Seren IPS, R301), automatic matching network (Seren IPS, AT-3) and matching
network controller (Seren IPS, MC2) units were used to activate the HCP dis-
charge. Representative photographs of the quartz-based ICP and stainless steel
HCP sources are given in Figures 3.2(a) and 3.2(b), respectively.
(a) (b)
Figure 3.2: Representative photographs of (a) quartz-based ICP, and (b) stainless
steel HCP sources.
3.2.3 Synthesis of AlN Hollow Nanofibers
AlN depositions were carried out at 200 ○C with a base pressure of 200-250 mTorr.
Four hundred and 800 cycles of AlN were deposited on electrospun Nylon 6,6
nanofibers via PA-ALD using AlMe3 and NH3. One PA-ALD cycle consisted of
0.1 s AlMe3/10 s Ar purge/40 s, 50 sccm, 300 W NH3 plasma/10 s Ar purge.
Ar was used as the carrier and purge gas. Precursor and plasma carrier gas flow
rates were 60 and 200 sccm, respectively. In situ calcination of the AlN-coated
nanofibers was carried out at 500 ○C for 2 h under 260 sccm Ar flow. Samples
were taken out from the reactor through a load lock and exposed to air as soon
as the ALD reactor cooled down to 200 ○C. AlN hollow nanofibers were also
prepared by ex situ calcination at air ambient (500 ○C, 2 h).
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3.3 Characterization Methods
3.3.1 Characterization of Thin Films
3.3.1.1 X-Ray Photoelectron Spectroscopy
Chemical compositions and bonding states were determined by X-ray photoelec-
tron spectroscopy (XPS) using Thermo Scientific K-Alpha spectrometer with a
monochromatized Al Kα X-ray source. Pass energy, step size and spot size were
30 eV, 0.1 eV and 400 µm, respectively. Etching of the samples was carried out in
situ with a beam of Ar ions having an acceleration voltage of 1 kV. Unless stated
otherwise, high-resolution XPS data were corrected for charging by shifting peaks
with respect to the adventitious C peak located at 284.8 eV. Peak deconvolution
was performed using the Avantage Software, without applying any restrictions to
spectral location and full width at half maximum (FWHM) values.
3.3.1.2 Secondary Ion Mass Spectroscopy
Secondary ion mass spectroscopy (SIMS) measurements were realized by the
Evans Analytical Group (EAG) using a Physical Electronics Quadrupole SIMS in-
strument. Analyses were carried out using EAGs proprietary analytical protocols.
Calibrations were based on relevant AlN, GaN and AlGaN internal standards for
concentration and depth. Atomic mixing or depth resolution of the primary ion
beam setup was <9 nm/decade. Therefore, any decay length ≥9 nm/decade in
the acquired profiles should be free of SIMS broadening artifacts and represent
true slope of concentration distribution. However, heterogeneous sample struc-
ture may cause further broadening where element penetration may appear deeper
than it actually is.
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3.3.1.3 Grazing-Incidence X-ray Diffraction and Line Profile Analysis
Grazing-incidence X-ray diffraction (GIXRD) measurements were carried out by
PANalytical X’Pert PRO materials research diffractometer (MRD) using Cu Kα
radiation. Angle of incidence (ω), which was optimized for each individual sample,
was <0.4○. GIXRD patterns were obtained by performing ten repeated scans
within the 2Theta range of 20-80○ with a step size of 0.1○ and counting time of
10 s. These scans were then added together in order to obtain a single GIXRD
pattern. Peak positions and the corresponding interplanar spacing values were
obtained by fitting the GIXRD data using PANalytical X’Pert HighScore Plus
Software. Using the same software, line profile analysis (LPA) was applied to each
GIXRD pattern. Instrumental broadening was corrected using a polycrystalline
silicon monitor sample, whose GIXRD data was obtained by performing three
repeated scans within the 2Theta range of 10-145○ with a step size and counting
time of 0.06○ and 10 s, respectively.
3.3.1.4 X-Ray Diffraction
X-ray diffraction (XRD) measurements were carried out in a PANalytical X’Pert
PRO multi-purpose X-ray diffractometer with Bragg-Brentano Theta-Theta con-
figuration using Cu Kα radiation.
3.3.1.5 Transmission Electron Microscopy and Selected Area Electron
Diffraction
FEI Tecnai G2 F30 transmission electron microscope (TEM) operating at a volt-
age of 300 kV was used for the imaging of samples prepared by FEI Nova 600i
Nanolab focused ion beam (FIB) system. Samples were prepared at an acceler-
ation voltage of 30 kV, using various beam currents ranging from 50 pA to 21
nA. Damage layers formed at the film/substrate interfaces were removed by FIB
milling at beam voltages of 5 and/or 2 kV. An aperture size of 40 µm was used
for obtaining the selected area electron diffraction (SAED) patterns.
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3.3.1.6 Atomic Force Microscopy
Asylum Research MFP-3D and Park Systems XE-100 atomic force microscopes
operating in the contact mode were used to reveal surface morphologies of III-
nitride thin film samples presented in Chapters 4 and 6, respectively.
3.3.1.7 X-Ray Reflectivity
X-ray reflectivity (XRR) measurements were performed by PANalytical X’Pert
PRO MRD using Cu Kα radiation. XRR data were fitted by the PANalytical
X’Pert Reflectivity Software using a four-layer model; i.e., Al2O3 (or Ga2O3)/AlN
(or GaN)/SiO2/Si.
3.3.1.8 Spectroscopic Ellipsometry
Ellipsometric spectra were recorded in the wavelength range of 300-1000 nm for
AlN, and 400-1200 nm for GaN and AlxGa1−xN thin films at three angles of
incidence (65○, 70○ and 75○) using a variable angle spectroscopic ellipsometer
(V-VASE, J. A. Woollam) with a rotating analyzer. Optical constants and film
thicknesses were extracted using the Cauchy dispersion function using a two-layer
model; i.e., Cauchy/Si (0.5 mm). Growth per cycle (GPC) values were determined
by dividing film thickness by the number of (PA-)ALD cycles applied.
3.3.1.9 Ultraviolet-Visible Spectrophotometry
Room temperature transmission and absorption measurements presented in
Chapter 4 were performed with a Varian Cary 100 ultraviolet-visible (UV-VIS)
spectrophotometer. Normal incidence transmission measurements presented in
Chapter 6 were performed relative to air within the range of 220-900 nm using




3.3.1.10.1 Fabrication of Metal-Insulator-Semiconductor Capacitor
Structures
Metal-insulator-semiconductor (MIS) capacitor structures with AlN as the in-
sulating layer were fabricated on 25 mm × 40 mm p-type Si (100) substrates
(resistivity, ρ = 20-40 ohm.cm) using class 100 and 1000 cleanroom facilities
(UNAM Cleanroom Facility-UCF). Schematic representation of the fabrication
procedure is shown in Figure 3.3. Steps followed for this fabrication process are
listed below.
p-type Si (100) 
20-40 ohm.cm 
25 mm x 40 mm 
Wafer Cleaning 
For as-deposited films 
For annealed films 
Deposition (and Post-Growth Annealing) of Thin 
Films, Formation of the Back Ohmic Contact 
Patterning by  
photolithography 
Formation of the 
top contacts 




(b) piranha etch: 4 volumes sulfuric acid (H2SO4) and 1 volume hydrogen
peroxide (H2O2), 5-10 min
(c) native oxide removal: 2% HF solution, 2-3 min
2. Formation of the back ohmic contact, then deposition of the insulating AlN
layer (for as-deposited AlN films)1
1For annealed AlN thin films, first the insulating Al layer should be deposited and subjected
to post-deposition annealing. Following this, back ohmic contact can be formed by following
the steps described below.
33
(a) protecting the top side with a layer of photoresist: (i) spin-coating2AZ
5214 E photoresist: 4000 rpm, 50 s (∼1.4 µm photoresist thickness),
(ii) dehydration bake: 110 ○C, 50-55 s
(b) thermal evaporation3 of ∼80 nm Al
(c) photoresist stripping: washing the samples with acetone, methanol,
isopropanol, DI-water, drying with N2
(d) rapid thermal annealing4 at 450 ○C under N2 ambient (100 sccm):
ramping with 15 ○C/s, 2 min at 450 ○C
(e) native oxide removal: 2% HF solution, 2-3 min
(f) PA-ALD of AlN at 200 ○C: 80, 175, 525 cycles
3. Formation of the top contacts
(a) thermal evaporation of ∼80 nm Al
(b) patterning of the Al and AlN layers by photolithography: (i) spin-
coating hexamethyldisilazane (HMDS): 5000 rpm, 40 s, (ii) spin-
coating AZ 5214 E photoresist: 4000 rpm, 50 s (∼1.4 µm photore-
sist thickness), (iii) dehydration bake: 110 ○C, 50-55 s, (iv) exposure5:
constant dose, 45 mJ, (v) development: 1 volume AZ 400K6 developer
and 4 volumes DI-water, 55 s, (vi) rinsing with DI-water, drying with
N2
Cross-sectional schematic representation of the resulting MIS capacitor structure
is given in Figure 3.4.
2Spin-coating was carried out using Laurell spinner system.
3VAKSIS thermal evaporation system (PVD Vapor 3S Thermal) was used for the back
contact metallization.
4Samples were annealed using ATV-Unitherm (RTA SRO-704) rapid thermal annealing
system.
5Photoresist was exposed to UV radiation using EVG620 mask aligner.
6Besides being used for photoresist development, AZ 400K also etches the AlN layer [183].
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Figure 3.4: Cross-sectional schematic representation of the resulting MIS capac-
itor structure.
3.3.1.10.2 Capacitance-Voltage and Current-Voltage Measurements
Capacitance-voltage (C-V) and current-voltage (I-V) characteristics of the fabri-
cated MIS capacitor structures were measured under dark using a semiconductor
parameter analyzer (Keithley 4200-SCS), which is connected to a probe station
(Cascade Microtech PM-5). C-V curves were obtained at a frequency of 1 MHz.
3.3.2 Characterization of AlN Hollow Nanofibers
SEM and energy dispersive X-ray analysis (EDX) studies were carried out using
Quanta 200 FEG SEM (FEI) equipped with Ametek Apollo X silicon drift detec-
tor (EDAX). Samples used for EDX were uncoated, whereas those used for SEM
imaging were coated with ∼5 nm Au/Pd alloy. TEM and SAED analyses were
performed using a Tecnai G2 F30 transmission electron microscope (FEI). TEM
samples were prepared using two different approaches. In the first approach,
polymer nanofibers were electrospun directly on copper grids, which were then
coated with AlN and calcined in situ. Second approach consisted of putting a
small piece of AlN hollow nanofiber network into a solvent (i.e., ethanol), fol-
lowed by sonification to obtain individual hollow nanofibers dispersed through
the solvent. AlN hollow nanofiber-containing solvent was then drop casted onto
a copper grid and allowed to dry. Chemical composition and bonding states of
the AlN nanostructures were investigated by XPS using K-Alpha spectrometer




Deposition of Aluminum Nitride
Thin Films
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Atomic layer deposition (ALD) of aluminum nitride (AlN) thin films was
studied using trimethylaluminum (AlMe3) and ammonia (NH3) as the Al and
N precursors, respectively. Following the thermal ALD, plasma-assisted ALD
(PA-ALD) of AlN was investigated at low temperatures using AlMe3 with NH3
or N2/H2 plasma. Process parameters including AlMe3 pulse length, NH3 (or
N2/H2) flow rate and duration, purge time, deposition temperature, and plasma
power were optimized. AlN thin films were characterized in detail through ele-
mental, structural, surface, optical, and electrical analyses. Conformality of the
AlMe3-NH3 plasma PA-ALD process was also demonstrated by the template-
based synthesis of high surface area AlN hollow nanofibers using Nylon 6,6 elec-
trospun nanofibers as sacrificial templates.
4.1 Thermal ALD Using AlMe3 and NH3
Thermal ALD experiments were carried out within the temperature range of
300-500 ○C, where one cycle consisted of 0.5 s AlMe3/10 s Ar purge/7.5 s, 200
sccm NH3/10 s Ar purge. Figure 4.1(a) shows the growth per cycle (GPC) of
AlN at different growth temperatures. Although GPC of 0.07 and 0.14 A˚ were
estimated for 300 and 350 ○C, respectively, XPS studies revealed that there is no
AlN deposition at 300 ○C. For 350 ○C, on the other hand, only trace amount of
AlN was detected. These results indicate that deposition of AlN with practical
rates starts at 400 ○C with 0.8 A˚/cycle. For higher temperatures, GPC increased
with temperature and reached a value of ∼2 A˚ at 500 ○C. GPC as a function
of precursor doses is also given in Figure 4.1(a). AlMe3 pulse length and NH3
flow duration (flow rate = 150 sccm) were increased simultaneously from (0.1
s, 1 s) to (2 s, 20 s) at 450 ○C. GPC increased with the increasing amount of
precursors. Saturation was not observed neither as a function of the temperature
nor the precursor doses. Figure 4.1(b) shows the effect of purge time on GPC at
450 ○C. GPC decreased from 0.95 to 0.79 A˚ as the purge time increased from 2
to 10 s, and remained constant at this value for purge times up to 40 s. Purge
time of 10 s used in thermal ALD experiments therefore avoids overlapping of the
precursor pulses and does not have any effect on the saturation behavior. These
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Figure 4.1: Thermal ALD experiments, where no self-limiting growth behavior
was observed. (a) GPC of AlN at different deposition temperatures (∎). GPC
as a function of AlMe3 and NH3 doses at 450 ○C (△). (b) GPC as a function of
purge time at 450 ○C. AlMe3 pulse length, NH3 flow rate and duration were 0.1
s, 150 sccm and 20 s, respectively. Dashed line is for visual aid.
results are in agreement with those reported in the literature [76, 83], where no
self-limiting growth behavior was observed due to the fact that surface reactions
between AlMe3 and NH3 occur at temperatures where AlMe3 self-decomposition
takes place. Self-limiting growth of AlN is therefore not possible with thermal
ALD using AlMe3 and NH3 precursors. In order to achieve self-limiting surface
reactions, AlMe3 (i.e., Al(CH3)3) self-decomposition must be avoided by the use
of lower deposition temperatures. In this respect, high temperatures needed for
the NH3 reaction can be lowered using a plasma-assisted process.
4.2 PA-ALD Using AlMe3 and NH3 Plasma
4.2.1 Optimization of PA-ALD Parameters
Saturation curves of Al and N precursors obtained by PA-ALD at 185 ○C are
given in Figure 4.2(a). For the AlMe3 saturation curve, NH3 flow rate, duration
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Figure 4.2: (a) Precursor saturation curves at 185 ○C: NH3 flow duration was
kept constant at 20 s for the AlMe3 saturation curve (∎), and AlMe3 pulse length
was kept constant at 0.05 s for the NH3 saturation curve (△). (b) GPC as a
function of purge time: AlMe3 pulse length and NH3 flow duration were constant
at 0.1 and 40 s, respectively. Dashed line is for visual aid.
and plasma power were kept constant at 50 sccm, 20 s and 300 W, respectively.
GPC increased with increasing AlMe3 pulse length until 0.05 s, where GPC sat-
urated at ∼0.76 A˚. For the NH3 saturation curve, AlMe3 dose was constant at
0.05 s and NH3 flow duration was varied with constant flow rate and plasma
power (50 sccm, 300 W). GPC increased with increasing NH3 flow duration until
maximum rate of ∼0.86 A˚ was obtained at 40 s. Increasing NH3 dose to 60 s
did not increase GPC. The effect of purge time on GPC was also studied at 185○C (Figure 4.2(b)). GPC decreased from 1.01 to 0.86 A˚ as the purge time in-
creased from 0.2 to 10 s. For longer purge times, deposition rate remained almost
constant. Increased deposition rates at short purge times are due to insufficient
purging, where one precursor is introduced into the reactor before the other one
is completely removed. These results show that 10 s purge time is already a good
estimation for 185 ○C and does not require any further optimization.
GPC of AlN as a function of deposition temperature is shown in Figure 4.3(a).
For these experiments, 100 cycle depositions were carried out with cycles consist-
ing of 0.1 s AlMe3/10 s Ar purge/40 s, 50 sccm, 300 W NH3 plasma/10 s Ar
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Figure 4.3: (a) Deposition rates of AlN thin films at different temperatures. (b)
AlMe3 saturation curves at 185, 250, 350, and 450 ○C, where NH3 flow duration
was kept constant at 40 s. (c) NH3 saturation curves at 185 and 450 ○C. Dashed
line is for visual aid.
purge. GPC remained constant at ∼0.86 A˚ for temperatures up to 200 ○C, and
then increased with temperature. Temperature dependency of GPC, observed
within the range of 200-400 ○C, may be due to the effect of temperature on
the number and type of reactive sites present on the surface before and after
the chemisorption, or the effect of temperature on the preferred reaction mecha-
nisms [12]. Self-decomposition of AlMe3 molecules may also be responsible from
the increasing growth rate with temperature, however this is unlikely since the
lowest temperature reported for the decomposition of AlMe3 is ∼300 ○C [80]. In
order to investigate this further, AlMe3 and NH3 saturation characteristics were
studied at higher deposition temperatures. Figure 4.3(b) shows AlMe3 saturation
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curves at 185, 250, 350, and 450 ○C. As the temperature increased, curves grad-
ually deviated from the self-limiting behavior. NH3 saturation curves at 185 and
450 ○C are given in Figure 4.3(c). As the temperature increased from 185 to 450○C, GPC increased without any deviation from the self-limiting behavior. Assum-
ing that the decomposition of AlMe3 does not occur until 300 ○C, the deviation
observed in AlMe3 saturation curve at 250 ○C might be due to the increase in
saturation AlMe3 dose. AlMe3 dose needed for the saturation of NH3-terminated
surface may increase with temperature if the number of reactive sites or sticking
coefficient has temperature dependency [184].
Film thickness vs. number of deposition cycles is presented in Figure 4.4(a).
Film thickness increased linearly with increasing number of cycles, confirming
that the deposition rate is constant at 185 ○C. Slope of the linear fit revealed
the GPC at this temperature as 0.85 A˚, which is in good agreement with the
GPC observed within the ALD temperature window. Results also suggest that
deposition starts immediately with the first cycle, without any incubation period.
Figure 4.4(b) shows the deposition rate as a function of plasma power at 185 ○C.
As the plasma power increased from 50 to 100 W, GPC increased from 0.66 to
0.79 A˚. As the power further increased to 300 W, GPC increased to 0.86 A˚. These
results indicate that dissociation efficiency of NH3 and consequently deposition
rate of AlN can be further increased by the use of higher plasma powers; i.e.,>300 W.
4.2.2 Characterization of AlN Thin Films
4.2.2.1 Films Deposited Within the ALD Temperature Window
Compositional characterization of ∼100 nm thick AlN film deposited on Si (100)
at 185 ○C was carried out using X-ray photoelectron spectroscopy (XPS). Survey
scans detected peaks of Al, N, O, and C at the film surface. In order to reveal
atomic concentrations of these elements in the bulk film, same analysis was re-
peated after the film was etched with a beam of Ar ions for 600 s. Elemental
composition of the AlN film was therefore found as 53.93 at.% Al, 41.97 at.% N,
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Figure 4.4: (a) Film thickness vs. number of deposition cycles. (b) GPC of AlN
as a function of plasma power. AlN thin films were deposited at 185 ○C.
2.28 at.% O, and 1.82 at.% Ar. Ar incorporation is known to occur during ion
etching. C was detected only at the film surface and there were no C impurities
in the bulk film, indicating that efficient removal of methyl groups from AlMe3
was achieved by the use of NH3 plasma. Figure 4.5(a) is the compositional depth
profile, which indicated constant atomic concentrations for Al and N in the bulk
film. Although O concentration was high (∼35 at.%) at the film surface, it de-
cayed rapidly within the first 120 s. At 600 s, concentrations of Al, N and O were
59.8, 37.6 and 2.6 at.%, respectively.
O 1s high-resolution XPS (HR-XPS) scan given in Figure 4.5(b) represents
the film surface, whereas Al 2p and N 1s scans given in Figures 4.5(c) and 4.5(d)
refer to bulk film (tetch = 150 s). O 1s scan was fitted by two peaks located
at 529.96 and 531.46 eV, corresponding to Al-O-N [185] and O-Al [186] bonds,
respectively. Results, which indicate oxidation at the film surface, are similar to
those reported in the literature for air-exposed AlN thin films deposited by plasma
source molecular beam epitaxy [186]. Al 2p data was fitted with a single peak at
73.02 eV (Figure 4.5(c)), which is assigned to the Al-N bond [186, 187]. Additional
information about the chemical bonding states in the films was provided by the
N 1s spectrum that was fitted by two peaks as shown in Figure 4.5(d). N 1s peak
at 396.07 eV, which is assigned to the N-Al bond [188], confirms the presence of
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Figure 4.5: (a) Compositional depth profile of ∼100 nm thick AlN thin film. (b)
O 1s, (c) Al 2p, and (d) N 1s HR-XPS scans.
AlN. Peak at 398.0 eV (N-Al-O bond [186]), on the other hand, corresponds to
the <5 at.% O present in the bulk film.
AlN thin films deposited at 185 ○C were polycrystalline as determined by
grazing-incidence X-ray diffraction (GIXRD). Figure 4.6 shows the GIXRD pat-
terns of ∼33 nm thick AlN films (i.e., 400 PA-ALD cycles) simultaneously de-
posited on Si (100), Si (111), c-plane sapphire, metalorganic chemical vapor de-
position (MOCVD)-grown GaN on c-plane sapphire, and glass (Pyrex) substrates,
where (100), (002), (101), (102), (110), (103), and (112) reflections of the hexago-
nal wurtzite phase were observed (ICDD reference code: 00-025-1133). It should
be noted that the reflection labeled as (112) also includes (200) and (201) reflec-
tions. 2Theta positions of (200), (112) and (201) reflections are 69.73○, 71.44○
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Figure 4.6: GIXRD patterns of ∼33 nm thick AlN thin films deposited on Si (100),
Si (111), c-plane sapphire, MOCVD-grown GaN on c-plane sapphire, and glass
substrates. GIXRD patterns indicate a hexagonal wurtzite crystal structure.
and 72.63○, respectively. The only difference between the GIXRD patterns given
in Figure 4.6 was the relatively more pronounced intensity of (100) reflection for
the films deposited on sapphire and GaN/sapphire substrates. Crystallite sizes
were determined from these patterns by the line profile analysis (LPA). Crys-
tallite size information was obtained for each individual reflection. An average
data was also obtained for each sample from the classical linear Williamson-Hall
plot, using the (100), (002), (101), and (110) reflections. (102), (103) and (112)
reflections were excluded from the Williamson-Hall plot since their broad profiles
and low intensities may lead to errors in the analysis. Moreover, as mentioned
earlier, the peak at ∼71○ consists of multiple reflections, and therefore it is not
applicable to LPA. For the sample deposited on glass substrate, (101) reflection
was also excluded since the LPA analysis resulted with a negative crystallite size
value. From the Williamson-Hall plots, average crystallite sizes were found as
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3.5, 3.1, 3.7, 4.3, and 4.7 for AlN thin films deposited on Si (100), Si (111), c-
plane sapphire, MOCVD-grown GaN on c-plane sapphire, and glass substrates,
respectively. For a ∼100 nm thick AlN thin film deposited on Si (100), crystal-
lite size was measured as 3.8, 3.4, 4.0, and 4.7 from the (100), (002), (101), and
(110) reflections, respectively. The average crystallite size value obtained from
Williamson-Hall plot was 2.8 nm.
Figure 4.7 is the XRD pattern of ∼500 nm thick AlN thin film deposited at
200 ○C on Si (111) substrate. In this pattern (100), (002), (101), (102), (110), as
well as the (200), (112) and (201) reflections of the h-AlN phase were observed,
indicating that the deposited AlN layer is randomly oriented.


























Figure 4.7: XRD pattern of ∼500 nm thick AlN thin film deposited at 200 ○C on
Si (111) substrate.
Figure 4.8(a) is the cross-sectional TEM image of the AlN film deposited on
Si (100) at 185 ○C. Film thickness was measured as 95.9 nm from this image,
which is in good agreement with the results obtained by spectroscopic ellipsom-
etry (SE). Figures 4.8(b) and 4.8(c) are the high-resolution TEM (HR-TEM)
images of the same sample, showing a film microstructure consisting of nanome-
ter sized crystallites. Selected area electron diffraction (SAED) pattern of this
film is also given in the inset of Figure 4.8(b). In this pattern, reciprocal lattice
points correspond to the diamond lattice of Si substrate. Diffraction rings, on
the other hand, refer to AlN thin film and indicate a polycrystalline nature. HR-




Figure 4.8: (a) Cross-sectional TEM image of ∼100 nm thick AlN thin film de-
posited at 185 ○C on Si (100). (b), (c) Cross-sectional HR-TEM images, and
(inset) SAED pattern of the same sample. (d) Cross-sectional HR-TEM image
of AlN thin film deposited on glass substrate.
substrate is given in Figure 4.8(d). SAED pattern of this sample consists of two
polycrystalline diffraction rings.
Figures 4.9(a) and 4.9(b) show the surface morphology of ∼33 nm thick AlN
film deposited on Si (100) substrate. Root-mean-square (rms) roughness of the
film was measured as 0.32 nm from a 2 µm × 2 µm scan area. Rms roughness
values of the AlN films deposited on GaN/sapphire and sapphire substrates were
0.42 and 0.51 nm, respectively. 2D and 3D AFM images revealing the surface
morphology of ∼100 nm thick AlN film deposited on Si (100) substrate are given




Figure 4.9: (a) 2D and (b) 3D AFM images of ∼33 nm thick AlN thin film
deposited at 185 ○C on Si (100). (c) 2D and (d) 3D AFM images of ∼100 nm
thick AlN thin film deposited at 185 ○C on Si (100).
X-ray reflectivity (XRR) measurements revealed a higher surface roughness
value (i.e., 1.90) for the ∼100 nm thick AlN film deposited on Si (100) substrate.
Thickness (sum of the AlN and Al2O3 layer thicknesses in the 4-layer model)
and mass density values determined using XRR were 94.6 nm and 2.71 g/cm3,
respectively. This thickness value is slightly lower than that directly measured
from the cross-sectional TEM image. The mass density of 2.71 g/cm3 estimated
by XRR is in good agreement with the values recently reported by Bosund et al.
for AlN thin films deposited via PA-ALD [112].
Refractive index and extinction coefficient of the AlN film deposited at 185○C are shown in Figure 4.10(a) as a function of wavelength. Refractive index,
which was determined as 2.15 at 270 nm, decreased to 1.88 at 1000 nm. Refrac-
tive index of AlN at 632 nm was 1.92. These values are in good agreement with
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those reported in literature for polycrystalline AlN thin films [189]. Extinction
coefficient (k), which was measured as ∼0.03 at 270 nm, decreased rapidly within
the wavelength range of 270-335 nm. For higher wavelengths k was almost zero,
indicating that the film is transparent in this spectral region. Room temperature
transmission spectrum, which was corrected for the substrate and spectrometer
response characteristics, is given in Figure 4.10(b) for ∼100 nm thick AlN film
deposited at 185 ○C on double side polished sapphire. Transmission increases
with wavelength within the range of 185-350 nm, reaches to 95% at 350 nm and
remains >95% until 3 µm. A pronounced reduction of the transmission signal
within 235-300 nm is also noteworthy. This absorption band, centered at ∼255.5
nm (4.86 eV), was attributed to the oxygen- or vacancy-related defects [190].
Since wurtzite AlN is a direct band gap material and its absorption coefficient
is directly proportional to the wavevector value, the square of the product of
absorption vs. incident photon wavelength was plotted (inset of Figure 4.10(b))
in order to determine the optical band edge (i.e., absorption edge) [191]. Ex-
perimental absorption spectrum of the sample showed that absorption decreases
rapidly in the UV spectral range and becomes insignificant in the visible region.
A straight-line fitted through the measured data (dashed line shown in the inset
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Figure 4.10: (a) Optical constants (refractive index and extinction coefficient) of∼100 nm thick AlN film deposited on Si (100). (b) Optical transmission spec-
trum of the film deposited on double side polished sapphire. (Inset) Absorption
spectrum of the same sample.
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of Figure 4.10(b)) intersects the abscissa at ∼5.8 eV, and reveals the optical band
edge of AlN thin film deposited by PA-ALD.
Capacitance-voltage (C-V) and current-voltage (I-V) characteristics of the
metal-insulator-semiconductor (MIS) capacitor structures with AlN insulating
layers deposited by PA-ALD at 200 ○C are presented in Figure 4.11. C-V curves
given in Figures 4.11(a)-4.11(c) indicated decent interfaces between the Si (100)
substrates and AlN dielectric thin films. Although being quite thin, ∼7 nm thick
AlN thin film exhibited a good dielectric behavior with well-defined accumula-
tion, depletion and inversion regions in its C-V curve (Figure 4.11(a)). Dielectric
constants (ε) of AlN films were calculated using the parallel-capacitor model,
which is given as
Cacc ≃ CAlN = εAlN ε0 A
tAlN
(4.1)
where Cacc is the capacitance at the accumulation region, CAlN is the capaci-
tance of the AlN thin film, εAlN is the relative permittivity (or dielectric constant)
of AlN, ε0 is the permittivity of free space (≃ 8.8542×10−12 F/m), A is the area
of the capacitor, and tAlN is the thickness of the insulating AlN layer [192]. Fig-
ure 4.12 shows the optical microscope images of MIS capacitor structures with∼7 nm thick AlN as the insulating layer. Using Figure 4.12(b), the capacitor area
was measured as 5.93×10−2 mm2. Capacitor areas of MIS structures fabricated
with ∼14 and ∼47 nm thick AlN were also calculated from their optical microscope
images. By substituting numerical values of Cacc, ε0, A, and tAlN in Eq. 4.1, di-
electric constants of ∼7, ∼14 and ∼47 nm thick AlN thin films were calculated as
1.6, 3.2 and 6.8, respectively. These results are in good agreement with literature,
where dielectric constants of 6.1-7.0 (tAlN = 75-210 nm), 6.9 (tAlN = 300 nm),
6.9-7.1 (tAlN = 250-340 nm), 7.9 (tAlN = 92 nm), and 4-11.2 (tAlN = 200-1000 nm)
were reported for AlN films deposited using atomic layer growth (ALG) [193], RF
sputtering [194], reactive dc magnetron sputtering [195], KrF excimer laser sput-
tering [196], and plasma-enhanced chemical vapor deposition [197], respectively.
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Figure 4.11: (a), (b), (c) C-V characteristics of the MIS capacitor structures with∼7, ∼14 and ∼47 nm thick AlN insulating layers, respectively. (d) I-V character-
istics of the MIS capacitor structures.
(a) (b)
Figure 4.12: Optical microscope images of the MIS capacitor structures with ∼7
nm thick AlN as the insulating layer.
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I-V characteristics of the fabricated 250 µm × 250 µm MIS structures are
given in Figure 4.11(d). Leakage currents were found to be <1 nA for voltages up
to 50 V. Moreover, no breakdown was observed within this voltage range.
4.2.2.2 Effect of Deposition Temperature
In order to investigate the effect of deposition temperature on the properties of
AlN films, ∼100 nm thick films were deposited at 100, 400 and 500 ○C using the
optimized PA-ALD recipe; i.e., 0.1 s AlMe3/10 s Ar purge/40 s, 50 sccm, 300 W
NH3 plasma/10 s Ar purge. Table 4.1 summarizes the number of cycles applied,
resulting film thicknesses measured by SE, corresponding GPC values, and the
refractive index (n) values for these samples.
As discussed in Section 4.2.1, ALD window, in which self-limiting growth oc-
curs, covers the deposition temperatures in the range of 100-200 ○C. Accordingly,
for films deposited at 100 and 185 ○C, same number of PA-ALD cycles resulted
with similar film thicknesses. GPC values of 1.35 and 1.52 A˚ were determined for
films deposited at 400 and 500 ○C, respectively. AlMe3 self-decomposition occurs
at deposition temperatures >300 ○C [80], therefore for these films chemical va-
por deposition (CVD)-type growth is inevitable. Increasing deposition rate with
increasing temperature is a well-known characteristic of CVD. As presented in
Table 4.1, n increased with deposition temperature, which is probably due to the
enhanced crystalline quality and/or density of the AlN films deposited at higher
Table 4.1: SE results of AlN thin films deposited at different temperatures.
Deposition Number of Film GPC na
temperature (○C) cycles applied thickness (nm) (A˚)
100 1200 97.1 0.81 1.86
185 1200 98.8 0.82 1.91
400 800 107.9 1.35 2.02
500 700 106.1 1.52 2.05
an is the refractive index at 632 nm.
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temperatures.
Elemental compositions of AlN thin films deposited at different temperatures
are given in Table 4.2. Data were obtained after 600 s of Ar ion etching, and
therefore represent the bulk films. There were no C impurities in the deposited
AlN films as determined by XPS. The Al/N ratio for films deposited at 100 and
185 ○C were 1.27 and 1.28, respectively, which indicate that Al-rich films were
deposited within the ALD temperature window. The Al/N ratio increased, and
film became more Al-rich as the deposition temperature increased to 400 ○C. AlN
ratio was 1.36 for films deposited at 400 and 500 ○C. It is also worth mentioning
that the films deposited at high temperatures had lower O concentrations.
Table 4.2: Elemental compositions of AlN thin films deposited at different tem-
peratures.
Deposition Elemental composition (at.%)a
temperature (○C) Al N O Arb
100 53.34 42.13 2.55 1.98
185 53.93 41.97 2.28 1.82
300 55.99 41.02 1.18 1.81
400 55.89 41.10 1.43 1.58
aXPS survey scan results, tetch = 600 s.
bAr incorporates into films during Ar ion etching.
Chemical bonding states at the film surface (tetch = 0 s) and in the bulk film
(tetch = 300 s) were determined for AlN thin films deposited at 100, 200, 400,
and 500 ○C by the evaluation of Al 2p HR-XPS scans (Figure 4.13). For all
four films, Al 2p HR-XPS scans obtained from the film surface (Figure 4.13(a))
appeared at similar binding energy values and were fitted with two subpeaks.
Subpeaks located at higher binding energies (74.2 eV±0.1 eV) correspond to the
Al-O bonding state [187], whereas the ones located at lower energies (73.25±0.1
eV) correspond to the Al-N bonding state [186, 187]. Upon Ar ion etching,
subpeaks located at higher binding energies (i.e., Al-O bond) disappeared, and
therefore Al 2p HR-XPS scans were fitted with a single peak corresponding to
the Al-N bonding state. Previously, in addition to the Al-N bonding state, we
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Figure 4.13: Al 2p HR-XPS scans of AlN thin films deposited at different temper-
atures; (a) tetch = 0 s (i.e., film surface) (b) tetch = 300 s. Binding energy values
denoted on each figure correspond to the Al-N bonding state. Dashed lines are
for visual aid.
also reported Al-Al bonding for samples deposited at 185 and 400 ○C, and Al-O
bonding for samples deposited at 100 and 500 ○C [198, 199]. However, it should
be noted the data presented in those studies were not corrected for charging.
When charging effects were corrected by shifting the Al 2p HR-XPS spectra with
respect to the adventitious C peak, it has been clearly seen that the deposition
temperature does not have any effect on the chemical bonding states of AlN thin
films deposited by PA-ALD.
GIXRD patterns of ∼100 nm thick AlN films deposited at 100, 185, 400,
and 500 ○C are given in Figure 4.14. For the films deposited at 400 and 500○C, higher intensities were observed with smaller full width at half maximum
(FWHM) values, which is an indication of enhanced crystallinity and increased
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crystallite sizes. The average crystallite sizes of AlN thin films as a function
of deposition temperature, as determined from the Williamson-Hall plots, are
presented in Figure 4.15. Crystallite size was found to be 2.7 and 2.8 nm for films
deposited at 100 and 185 ○C, respectively. For higher temperatures crystallite size
increased with deposition temperature. As the temperature increased to 400 and
500 ○C, average crystallite size values increased to 6.2 and 7.9 nm, respectively.






























Figure 4.14: GIXRD patterns of ∼100 nm thick AlN films deposited on Si (100)
substrates at different temperatures.
Thickness, mass density and roughness values for AlN thin film samples de-
posited at 100, 185, 400, and 500 ○C are also presented in Figure 4.15. Film
thicknesses measured with SE and XRR were in good agreement for the films
deposited at 100 and 500 ○C. For the AlN films deposited at 185 and 400 ○C,
on the other hand, films thickness values estimated by the fitting of XRR data
were lower than those measured using SE. Mass density increased from 2.41 to
3.01 g/cm3 as the deposition temperature increased from 100 to 500 ○C. Surface
roughness values estimated by XRR were compared to those directly measured
by AFM from 500 nm × 500 nm (for sample deposited at 185 ○C) and 1 µm ×
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Figure 4.15: Crystallite sizes, thicknesses, mass densities, and roughnesses of AlN
thin films as a function of deposition temperature.
1 µm (for AlN films deposited at 100, 400 and 500 ○C) scan areas. Although
both data sets followed the same trend, roughness values were overestimated by
XRR. Roughness decreased from 2.69 to 2.16 nm (as measured by AFM) as the
deposition temperature increased from 400 to 500 ○C. This was attributed to the
increased adatom mobility at higher temperatures, which enables surface diffu-
sion and increases coalescence probability of the nucleation centers (i.e., more
CVD-like growth) [198].
Optical properties of AlN thin films deposited at 100, 185, 400, and 500○C were studied in detail by Alevli et al. using SE, Fourier transform infrared
spectroscopy, optical absorption, and photoluminescence. Results of this study
can be found in Ref. [200].
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4.2.3 Template-Based Synthesis of AlN Hollow Nanofibers
In this section, we report on the template-based synthesis and characterization of
AlN hollow nanofibers. The process has three steps (Figure 4.16): (i) preparation
of the Nylon 6,6 nanofiber template by electrospinning, (ii) conformal deposition
of AlN on the electrospun polymer template via PA-ALD, and (iii) removal of











































































































































































































































Figure 4.16: (Left) Schematic representation of an ALD cycle. (Right) Template-
based synthesis of inorganic hollow nanofibers; preparation of the nanofiber tem-
plate by electrospinning, conformal deposition on electrospun nanofibers via PA-
ALD, and removal of the organic template by calcination.
Nylon 6,6 nanofiber templates having different average fiber diameters were
obtained via electrospinning technique. Characteristics (composition and viscos-
ity) of the Nylon 6,6 solutions, together with the morphologies and average fiber
diameters of the electrospun Nylon 6,6 nanofibers are summarized in Table 4.3.
Type of the solvent used and concentration of polymer solution affected the poly-
mer solution viscosity that is quite important for fiber diameters. Therefore, the
viscosity of each Nylon 6,6 solution was different; accordingly, electrospinning
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Table 4.3: Properties of Nylon 6,6 solutions and the resulting electrospun
nanofibers.
Solvent % Nylon 6,6a Viscosity Fiber diameter Fiber
system (w/v) (Pa s) (nm) morphology
Formic acid 8 0.0228 67±35 Bead-free nanofibers
HFIP 5 0.115 330±83 Bead-free nanofibers
HFIP 8 0.24 737±266 Bead-free nanofibers
aWith respect to the solvent.
of these solutions yielded Nylon 6,6 nanofibers with different fiber diameters.
Less stretching of the electrified jet was occurred for more viscous polymer so-
lutions and larger fiber diameters were obtained from these solutions, as it is
anticipated [201, 202]. The representative scanning electron microscopy (SEM)
images of uniform and bead-free electrospun Nylon 6,6 nanofiber templates hav-
ing smooth surfaces obtained from 8% (w/v) formic acid, and 5% and 8% (w/v)
HFIP solutions are given in Figure 4.17. Average fiber diameters of these Ny-
lon 6,6 nanofibers were measured as 70, 330 and 740 nm, respectively. These
randomly oriented Nylon 6,6 nanofibers having different average fiber diameters
were used as templates for the fabrication of AlN hollow nanofibers.
(a) (b) (c)
Figure 4.17: SEM images of electrospun Nylon 6,6 nanofiber templates having
(a) 70 nm, (b) 330 nm, and (c) 740 nm average fiber diameters.
57
Four hundred cycles AlN were deposited on an electrospun template (average
fiber diameter 740 nm) at 200 ○C by PA-ALD. In Section 4.2.1, we have re-
ported the deposition rate of AlN at this temperature as 0.86 A˚/cycle for planar
substrates, which corresponds to a ∼34 nm thick film for 400 cycle deposition.
As expected, the characteristic self-limiting growth mechanism resulted in highly
uniform and conformal AlN layers on electrospun Nylon 6,6 nanofibers (Fig-
ure 4.18(a)). However, integrity of these conformal layers could not be retained
after ex situ calcination at air ambient (Figures 4.18(b) and 4.18(c)). Although
wall thickness of the resulting inorganic hollow nanofibers could easily be con-
trolled by the number of ALD cycles, there seems to be a critical wall-thickness-
to-inner-diameter ratio for ALD-grown layers to preserve their shapes after the
sacrificial templates have been removed by calcination.
(a) (b) (c)
Figure 4.18: SEM images of (a) Nylon 6,6 nanofibers (average fiber diameter
740 nm) coated with 400 cycles AlN, and (b), (c) inorganic hollow nanofibers
synthesized by the ex situ calcination of coated nanofibers.
Figure 4.19(a) shows the SEM image of nanostructures synthesized by 800-
cycle PA-ALD growth of AlN (corresponding to ∼69 nm AlN wall thickness) on∼740 nm diameter fiber templates followed by an in situ heat treatment under
continuous Ar flow. Resulting structures were hollow, although they have been
calcined at an oxygen-free ambient. The critical wall-thickness-to-inner-diameter
ratio could not be reached despite the doubled number of ALD cycles. Conformal
AlN layer was unable to preserve the cylindrical geometry of the electrospun fiber
template, which resulted in a hollow ribbon-like morphology. Figure 4.19(b) is the
SEM image of hollow nanofibers synthesized by depositing 800 cycles AlN on a
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(a) (b) (c)
Figure 4.19: SEM images of hollow nanofibers synthesized by depositing 800
cycles AlN on Nylon 6,6 templates having (a) 740 nm, (b) 330 nm, and (c) 70
nm average fiber diameters. AlN-coated fibers were calcined in situ.
template having 330 nm average fiber diameter. For this combination, the result-
ing structure was an ideal replicate of the electrospun nanofiber template. EDX
indicated the presence of Al, N, O, and C in this sample. SEM image of hollow
nanofibers synthesized by depositing 800 cycles AlN on a template having 70 nm
average fiber diameter is given in Figure 4.19(c). It is seen that individuality of
the fibers has been lost due to the coalescence of AlN layers deposited on different
fibers. The cross-sectional SEM image of this sample revealed that AlN fibers
were hollow (inset of Figure 4.19(c)), yet, the wall-thickness-to-inner-diameter
ratio for this combination was too high.
Figure 4.20 belongs to AlN hollow nanofibers synthesized by the deposition
of 800 cycles on a template having 330 nm average fiber diameter, followed by
ex situ calcination. Each fiber was coated with a uniform and conformal layer
of AlN. These layers preserved their shapes even after calcination at air ambient
and resulted in a structure that is composed of continuous hollow nanofibers.
Bright field scanning TEM image of sample prepared by the deposition of
800 cycles on a template having 70 nm average fiber diameter, followed by in
situ calcination is given in Figure 4.21(a). It is seen that the wall thicknesses
of hollow nanofibers are highly uniform along the fiber axes. Figures 4.21(b)-
4.21(d) are the TEM images of samples prepared using templates having average
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(a) (b)
Figure 4.20: SEM images of AlN hollow nanofibers taken at different magnifica-
tions. Hollow nanofibers were synthesized by the deposition of 800 cycles AlN on
a Nylon 6,6 template having 330 nm average fiber diameter, followed by ex situ
calcination at air ambient.
fiber diameters of 70, 330 and 740 nm, respectively. Wall thicknesses of the AlN
hollow nanofibers shown in Figures 4.21(b) and 4.21(c) were measured as ∼65
nm, which is quite consistent with the deposition rate of AlN PA-ALD process at
200 ○C. For the sample shown in Figure 4.21(d), wall thickness was ∼32 nm. This
value is lower than the expected coating thickness, and might be related to the
TEM sample preparation approach that was followed. For the samples shown in
Figures 4.21(a)-4.21(c), few nanofibers were electrospun on copper grids, which
were then coated and calcined in situ. These fibers were at the very top during
the PA-ALD of AlN. For the sample shown in Figure 4.21(d), on the other hand,
TEM sample was prepared by sonification and drop casting. This individual
nanofiber might therefore belong to any position along the out of plane direction.
As AlN recipe has been optimized for planar substrates, the precursor doses used
in this experiment may not be enough for coating such a high surface area sample.
Even if the AlMe3 and NH3 doses are sufficient for self-terminating reactions to
take place at the fiber surface, there may have not been enough time for them to
diffuse into the nanofiber matrix.
Crystal structure of the AlN film deposited on Nylon 6,6 nanofiber tem-
plates was studied by HR-TEM and SAED. HR-TEM image of the AlN hol-




Figure 4.21: AlN hollow nanofibers synthesized by the deposition of 800 cy-
cles AlN, followed by in situ calcination. (a) Bright field TEM image of hollow
nanofibers synthesized using Nylon 6,6 template having an average fiber diameter
of 70 nm. (b)-(d) TEM images of hollow nanofibers synthesized using templates
with average fiber diameters of 70, 330 and 740 nm, respectively. (e) HR-TEM
image, and (f) SAED pattern of AlN hollow nanofibers synthesized using a tem-
plate having 330 nm average fiber diameter.
in Figure 4.21(e). AlN was found to be polycrystalline with nanometer-sized
grains, which was further confirmed by SAED. SAED pattern of the same sam-
ple (Figure 4.21(f)) revealed seven polycrystalline diffraction rings, representing
the h-AlN phase. Table 4.4 summarizes the SAED results, theoretical values for
h-AlN and corresponding planes. When same recipe was deposited on planar sub-
strates, the same seven reflections of the h-AlN phase appeared in the GIXRD
pattern (Section 4.2.2.1, Figure 4.6).
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Table 4.4: SAED results, theoretical values and corresponding crystallographic
planes.
Diameter Interplanar spacing, d (A˚) Corresponding
(1/nm) Calculated Theoreticala plane, hkl
7.434 2.690 2.6950 100
8.057 2.482 2.4900 002
8.451 2.367 2.3710 101
11.036 1.8123 1.8290 102
12.952 1.5442 1.5559 110
14.199 1.4085 1.4133 103
15.261 1.3105 1.3194 112
aHexagonal AlN, ICDD reference code: 00-025-1133.
Chemical compositions of bare and coated Nylon 6,6 nanofibers, as well as
synthesized AlN hollow nanofibers were investigated by XPS, which is a surface
analysis technique that collects data from the top ∼5-10 nm of the sample. In this
study, the relatively large spot size (∼400 µm) of the X-ray beam interacted with
a large number of coated or calcined nanofibers, which might have discontinuities
or cracks on the AlN shell due to the sample preparation procedure applied.
Therefore, the collected data probably represent the organic content and Nylon
6,6-AlN interface in addition to the PA-ALD-grown AlN surface. Survey scans
detected peaks of Al, N, O, and C for coated and calcined samples prepared by
depositing 800 cycles AlN on a template having 330 nm average fiber diameter
(Table 4.5). Ex situ calcination at 500 ○C for 2 h must have resulted in complete
removal of the organic component. Accordingly, Al content increased and N
content decreased when coated sample was calcined. An increased amount of
O is believed to be due to the oxidation of AlN films upon annealing at air
ambient. The 19.18 at.% C present in the calcined sample, on the other hand,
corresponds either to the surface contamination or calcination residues. XPS
survey scan results of in situ calcined sample were quite similar to those of coated
sample. There was no significant decrease in C concentration upon calcination.
In other words, calcination at an oxygen-free ambient was not as effective as that
performed at air ambient, although SEM images showed hollow structures for
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Table 4.5: XPS survey scan results. Eight hundred cycles AlN were deposited on
a template having 330 nm average fiber diameter.
Elemental composition (at.%)
Sample Al N O C
Bare template - 9.79 11.71 78.50
Coated template 20.69 8.33 33.74 37.24
After ex situ calcination 33.02 5.78 42.02 19.18
After in situ calcination 21.87 7.51 37.14 33.49
both cases. Results therefore indicate oxidation of AlN layer in the case of ex
situ calcination and ineffectiveness of in situ calcination in terms of removing the
organic component.
HR-XPS scans were also obtained to reveal bonding states of AlN hollow
nanofibers synthesized at different conditions. Charging effects were corrected for
coated and calcined samples using the adventitious C peak located at ∼285 eV. C
1s peak of the bare template having 70 nm average fiber diameter was fitted by
multiple subpeaks, one of which (corresponding to the surface C contamination)
was found to be located at ∼285 eV. No correction was therefore made for the bare
template. Al 2p HR-XPS scans of hollow nanofibers synthesized by the in situ
calcination of templates coated with 800 cycles AlN are shown in Figure 4.22(a).
As expected, Al 2p peaks were found to locate at the same position for samples
synthesized using templates having different average fiber diameters (i.e., 70 and
740 nm). The data obtained from the sample prepared using 740 nm average
fiber diameter template was fitted by two subpeaks located at 73.33 and 74.32 eV,
corresponding to Al-N [186] and Al-O [187] bonds, respectively. The Al-O bond
indicates surface oxidation, which might be expected as the samples were taken
out from the ALD reactor and exposed to air at 200 ○C. N 1s HR-XPS scans of the
samples, as well as that of the bare template having an average fiber diameter of
70 nm are given in Figure 4.22(b). N 1s data obtained from the sample prepared
using 740 nm average fiber diameter template were fitted by two subpeaks. The
peak located at 396.57 eV was attributed to the N-Al bond [186]; whereas the one
located at 399.06 eV was assigned as the N-O bond [188]. The presence of the
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N-O bond, which was also observed for the bare Nylon 6,6 template, is a direct
proof of the existence of organic component in the sample prepared by in situ
calcination. The peak representing the N-O bond was also observed for the sample
coated with 800 AlN cycles; however, it disappeared after ex situ calcination at
air ambient. The temperatures required for the removal of sacrificial Nylon 6,6
nanofiber templates are not high and the whole process can be carried out inside
the ALD reactor. As Nylon 6,6 nanofibers could not be completely removed
through heat treatment at an oxygen-free ambient, the gas composition and gas
flow rates must be adjusted accordingly during calcination.
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Figure 4.22: (a) Al 2p and (b) N 1s HR-XPS scans of AlN hollow nanofibers
synthesized by depositing 800 cycles AlN on Nylon 6,6 templates having 70 and
740 nm average fiber diameters, which was followed by in situ calcination. N
1s HR-XPS scan of bare Nylon 6,6 nanofiber template having an average fiber
diameter of 70 nm is also included.
Al 2p HR-XPS scans of coated and calcined (both in situ and ex situ) samples
prepared using polymeric templates having 70 nm average fiber diameter were all
fitted by two subpeaks located at 73.5±0.2 (Al-N bond) and 74.5±0.3 eV (Al-O
bond). Figure 4.23 shows the Al 2p HR-XPS scans of calcined samples. When
compared with that prepared by ex situ calcination, the sample prepared by in
situ calcination exhibited a lower Al-O/Al-N subpeak area ratio (0.18 vs. 0.86)
as expected.
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Figure 4.23: Al 2p HR-XPS scans of AlN hollow nanofibers synthesized by the
deposition of 800 cycles AlN on Nylon 6,6 nanofiber templates (average fiber
diameter 70 nm), followed by in situ and ex situ calcinations.
4.3 PA-ALD Using AlMe3 and N2/H2 Plasma
4.3.1 Optimization of PA-ALD Parameters
A series of depositions were carried out in order to determine the most appropriate
N2/H2 flow rate ratio. Results are presented in Figure 4.24(a). First, H2 flow
rate was varied while keeping all the other variables constant. 100 cycles were
deposited at 185 ○C on Si (100) substrates, using 0.1 s AlMe3/10 s Ar purge/40
s, 50 sccm N2 + x (x = 0, 25, 50, or 100) sccm H2, 300 W N2/H2 plasma/10 s
Ar purge. GPC, which was found to be 1.24 A˚ for x = 0, decreased to 0.59, 0.58
and 0.51 A˚ as the H2 flow rate increased to 25, 50 and 100 sccm, respectively.
Similar experiments have also been done for optimizing the N2 flow ratio. 100
cycles were deposited at 185 ○C using 0.1 s AlMe3/10 s Ar purge/40 s, y (y =
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0, 25, 50, or 100) sccm N2 + 50 sccm H2, 300 W N2/H2 plasma/10 s Ar purge.
GPC, which was 0.31 A˚ for y = 0, increased to 0.65 A˚ when 25 sccm N2 was
introduced together with 50 sccm H2 during the second half-cycle. GPC for y =
50 and 100 sccm were 0.60 and 0.53 A˚, respectively. As seen from Figure 4.24(a),
similar GPC values were obtained for all combinations, where x, y ≠ 0. Therefore,
subsequent depositions were carried out using a flow rate ratio of 1; i.e., flow rates
of N2 and H2 were both set to 50 sccm.
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Figure 4.24: Optimization of PA-ALD process parameters for AlN using AlMe3
and N2/H2 plasma as the group-III and -V sources, respectively. (a) GPC as a
function of N2 or H2 flow rate. (b) AlMe3 (∎) and N2/H2 (△) saturation curves
at 185 ○C. (c) GPC values for AlN thin films deposited at different tempera-
tures. (d) Film thickness vs. number of deposition cycles at 175 ○C.
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AlMe3 saturation curve was obtained at 185 ○C using the same recipe (Fig-
ure 4.24(b)). GPC increased from 0.57 to 0.60 A˚ as the AlMe3 pulse length
increased from 0.015 to 0.05 s, and remained constant at this value when AlMe3
pulse length was further increased to 0.2 s. N2/H2 saturation curve is also given
in Figure 4.24(b)), where flow duration was varied with constant flow rate and
plasma power (50 + 50 sccm, 300 W). AlMe3 pulse length and purge time were
0.1 and 10 s, respectively. Saturation was observed at 40 s, with a GPC of 0.60
A˚. Increasing the N2/H2 duration to 80 s resulted in a very slight increase (i.e.,∼0.02 A˚) in GPC.
The effect of growth temperature on GPC was investigated by depositing 150
cycles AlN at various temperatures using the following recipe: 0.05 s AlMe3/10
s Ar purge/40 s, 50 + 50 sccm, 300 W N2/H2 plasma/10 s Ar purge. Results,
which are plotted in Figure 4.24(c), were similar to those obtained for the NH3
plasma process (Section 4.2.1), with only difference being the decreased GPC.
GPC remained constant at ∼0.55 A˚ for temperatures up to 200 ○C, and then
increased with temperature. Therefore, the ALD temperature window for the
AlMe3-N2/H2 plasma process was determined as 100-200 ○C.
Film thickness vs. number of deposition cycles plot is given in Figure 4.24(d).
At 175 ○C, film thickness increased linearly with increasing number of cycles,
confirming that the GPC is constant at this given temperature. Slope of the
linear fit revealed the GPC at this temperature as 0.56 A˚, which is in good
agreement with the value observed within the ALD temperature window. Results
also showed that deposition starts immediately with the first cycle, without any
incubation period.
4.3.2 Characterization of AlN Thin Films
AlN thin films were prepared by the deposition of 1400 PA-ALD cycles at 185 ○C
using 0.05 s AlMe3/10 s Ar purge/40 s, 50 + 50 sccm, 300 W N2/H2 plasma/10 s
Ar purge. Although in the previous section it has been stated that 0.05 s AlMe3
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is enough for having saturated surface reactions, the process resulted in non-
uniform films. For 4 in. Si (100) substrate, which has been placed at the center
of substrate holder, AlN thickness decreased from center to edges, as determined
visually from the color variations. SE results confirmed this observation, and the
film thickness at the center was measured as 83.8 nm. Unless stated otherwise,
characterization studies were performed using the central region of this sample.
Chemical composition and bonding states were determined by XPS. Survey
scan detected peaks of Al, N, O, and C at the film surface. There were no C
impurities in the bulk film. Atomic concentrations of Al and N were constant in
the film as determined by the compositional depth profile. Elemental composition
of the AlN film (tetch = 600 s) was found from the survey scan as 55.16 at.%
Al, 41.15 at.% N, 1.77 at.% O, and 1.93 at.% Ar. Atomic concentration of Al
increased, and that of N decreased slightly when N2/H2 plasma was used as the
N precursor instead of NH3 plasma. Al/N ratio, which was 1.28 for AlN films
deposited using NH3 plasma process, increased to 1.34 for the samples deposited
with N2/H2 plasma. Al 2p and N 1s HR-XPS spectra indicated the exactly
same bonding states reported in Section 4.2.2 for AlN films deposited using NH3
plasma. Al 2p HR-XPS scan obtained from the bulk film (tetch = 300 s) was
fitted with a single peak, which is located at 73.2 eV. This peak was attributed
to the Al-N bonding state [186, 187]. N 1s spectrum, on the other hand, was
fitted by two peaks. Peaks located at 397.6 and 396.17 eV were assigned as the
N-Al-O [186] and N-Al [188] bonds, respectively.
GIXRD pattern of the AlN thin film deposited using N2/H2 plasma at 185○C is given in Figure 4.25 together with that obtained from a ∼100 nm thick
AlN film deposited using NH3 plasma at the same temperature. Both patterns
exhibited (100), (002), (101), (102), (110), (103), and (112)1 reflections of the
hexagonal wurtzite phase. Crystallite size data were determined for the AlN thin
film deposited by N2/H2 PA-ALD process from its GIXRD pattern using LPA. For
a ∼84 nm thick AlN thin film deposited on Si (100), crystallite size was measured
as 4.8, 3.1, 3.7, and 4.2 nm from the (100), (002), (101), and (110) reflections,
1The reflection labeled as (112) also includes (200) and (201) reflections. 2Theta positions
of (200), (112) and (201) reflections are 69.73○, 71.44○ and 72.63○, respectively.
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respectively. The average crystallite size value obtained from the Williamson-Hall
plot was 3.2 nm. Polycrystalline nature of the AlN film was also confirmed by
cross-sectional HR-TEM imaging (Figures 4.26(a) and 4.26(b)). SAED pattern
of the sample revealed polycrystalline diffraction rings.































Figure 4.25: GIXRD patterns of AlN thin films deposited at 185 ○C on Si (100)
substrates using AlMe3-NH3 and AlMe3-N2/H2 PA-ALD processes.
2D and 3D surface morphologies of ∼84 nm thick AlN film deposited on Si
(100) substrate are presented in Figures 4.27(a) and 4.27(b), respectively. Rms
roughness of the film was measured as 1.03 nm from a 500 nm × 500 nm scan
area. Roughness determined by XRR was 1.97 nm. XRR also revealed the mass
density of the film as 2.61 g/cm3, which is slightly lower than the value estimated
for the film deposited using NH3 plasma (i.e., 2.71 g/cm3).
Refractive index of the AlN thin film deposited using N2/H2 plasma at 185○C was measured as 1.92 at 632 nm. Refractive index of the film deposited with
NH3 plasma was also 1.92 nm at the same wavelength (Section 4.2.2). From the
transmission spectra, the transmission onset was determined as 188 nm. Optical
band edge was determined from the absorption spectra as 5.92 eV, which is
slightly higher than the value estimated for AlN film deposited using NH3 plasma.
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(a) (b)
Figure 4.26: Cross-sectional HR-TEM images of ∼84 nm thick AlN thin film
deposited at 185 ○C on Si (100) substrate using AlMe3-N2/H2 PA-ALD process.
(a) (b)
Figure 4.27: (a) 2D and (b) 3D AFM images of ∼84 nm thick AlN thin film
deposited at 185 ○C on Si (100) using AlMe3-N2/H2 PA-ALD process.
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Chapter 5
The Indication of Plasma-Related
Oxygen Contamination in
III-Nitride Thin Films
The work described in this chapter was published in part as:
(1) C. Ozgit, I. Donmez, M. Alevli, and N. Biyikli, “Atomic layer deposition of GaN at low
temperatures,” Journal of Vacuum Science and Technology A, vol. 30, no. 1, pp. 01A124
(4pp), 2012. DOI: 10.1116/1.3664102
(2) C. Ozgit, I. Donmez, and N. Biyikli, “Self-limiting growth of GaN at low temperatures,”
Acta Physica Polonica A, vol. 120, no. 6A, pp. A55 - A57, 2011.
(3) C. Ozgit-Akgun, I. Donmez, and N. Biyikli, “Plasma-enhanced atomic layer deposition
of III-nitride thin films,” ECS Transactions, vol. 58, no. 10, pp. 289 - 297, 2013. DOI:
10.1149/05810.0289ecst
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Plasma-assisted atomic layer deposition (PA-ALD) of gallium nitride (GaN)
and indium nitride (InN) thin films were studied using trimethylgallium (GaMe3),
triethylgallium (GaEt3), trimethylindium (InMe3), and cyclopentadienyl indium
(CpIn) precursors with ammonia (NH3) plasma. GaMe3-NH3 and GaEt3-NH3
plasma processes were optimized for true ALD conditions. As the deposited films
were characterized in detail through elemental and structural analyses, it has been
realized that the films contain high concentrations of O. Although - at first - the
most probable source of this contamination was presumed as the O-containing
impurities in the 5N-grade NH3 gas, subsequent experiments revealed the true
source as the quartz tube of inductively coupled RF-plasma (ICP) source itself.
Accordingly, different plasma gas compositions were studied with lower plasma
durations as an attempt to minimize the plasma-related oxygen contamination
in III-nitride thin films.
5.1 PA-ALD of GaN Thin Films
5.1.1 PA-ALD Using GaMe3 and NH3 Plasma
5.1.1.1 Optimization of PA-ALD Parameters
GaN thin films were deposited on Si (100) substrates by PA-ALD using GaMe3
and NH3. Effect of GaMe3 pulse length on GPC was investigated at 185 ○C with
a constant NH3 flow duration of 40 s (Figure 5.1(a)). GaMe3 pulse lengths of
0.015 and 0.03 s resulted with the same growth per cycle (GPC), i.e., 0.46 A˚;
indicating that 0.015 s is high enough for saturative surface reactions to take
place. Figure 5.1(b) shows GPC as a function of NH3 flow duration. GaMe3
pulse length and NH3 flow rate were constant at 0.015 s and 50 sccm, respec-
tively. GPC increased with NH3 flow duration until 90 s and reached saturation
at ∼0.56 A˚. Using the saturation value of NH3 exposure step (50 sccm, 90 s),
saturation behavior of GaMe3 was restudied. Since GaMe3 has a very high vapor
pressure at room temperature (∼228 Torr at 25 ○C), even the minimum pulse
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Figure 5.1: (a) GaMe3 saturation curves at 185 ○C for different GaMe3 tempera-
tures. NH3 flow rate was constant at 50 sccm. Dashed lines are for visual aid. (b)
NH3 saturation curve at 185 ○C. GaMe3 pulse length was 0.015 s.
length (i.e., 0.015 s) might be resulting in doses much higher than the saturation
dose. The excessive usage of GaMe3 can be avoided by lowering the temperature
of GaMe3 until a decrease in deposition rate is observed. Therefore, we cooled
down the GaMe3 precursor using a home-made Peltier cooling system, stabilized
its temperature at 6 ○C, and restudied its saturation behavior. The results are
given in Figure 5.1(a). GPC increased with GaMe3 pulse length within the range
of 0.015-0.1 s. For 0.1 s and higher GaMe3 pulse lengths, saturation was observed
at ∼0.61 A˚.
In order to determine the temperature range at which the GPC is constant
(i.e., the ALD window), 100 cycles with 0.015 s GaMe3 (TGaMe3 = 25
○C) and 90
s NH3 plasma were deposited at different temperatures. GPC vs. temperature
graph consisted of four distinct regions (Figure 5.2(a)). GPC was constant at∼0.51 A˚ in region III (250-350 ○C), implying that the growth of GaN at these
temperatures is self-limiting. For temperatures in the range of 185-250 ○C (re-
gion II), deposition rate increased with decreasing temperature. GPC was ∼0.56
A˚ at 185 ○C. Since this behavior might be related to the purging efficiency, which
decreases with decreasing temperature, the effect of purging duration on depo-
sition rate was investigated at 185 ○C. An experiment has been carried out by
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doubling the purge time. Deposition rate obtained using 20 s purge time was
found to be same as that obtained using 10 s, which indicates that the observed
behavior is not due to the overlapping of precursor molecules and plasma rad-
icals as a result of inefficient purging. Figure 5.2(b) shows GPC as a function
of purge time at 185 ○C. Being different than the above-mentioned purge time
experiment, GaMe3 was cooled down to 6 ○C and stabilized at this temperature
prior to depositions. GPC decreased from 0.63 to 0.53 A˚ as the purge time in-
creased from 2 to 10 s. For longer purge times, GPC remained almost constant; it
was ∼0.52 A˚ for depositions carried out using 20 and 40 s purge times. Although
GPC has an obvious temperature dependency in region II, both GaMe3 and NH3
precursors showed saturation behaviors at 185 ○C. Since growth was proven to
be self-limiting at 185 ○C, region II has been also included to the ALD window.
Region I (100-185 ○C) corresponds to the activation energy limited zone, where
deposition rate decreases at low temperatures due to the decrease in thermal en-
ergy. For ∼385 ○C and higher temperatures (region IV) growth rate increased
with temperature, which is probably due to the decomposition of GaMe3. De-
pending on these observations, upper and lower limits of the ALD window, in
which surface reactions take place in a self-limiting fashion, were estimated as∼385 and 185 ○C, respectively.
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Figure 5.2: (a) GPC values for GaN thin films deposited at different tempera-
tures. (b) GPC as a function of purge time at 185 ○C. Dashed lines are for visual
aid.
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Film thickness vs. number of deposition cycles at 250 ○C is given in Figure 5.3.
As seen from this figure, film thickness increases linearly with the number of
cycles, confirming that the GPC is constant at this temperature due to the self-
limiting nature of the ALD process. Slope of the linear fit revealed the GPC at
this temperature as 0.39 A˚, which is lower than the GPC observed within the
ALD temperature window.
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Figure 5.3: Film thickness vs. number of deposition cycles plot for GaN thin
films deposited at 250 ○C using GaMe3 and NH3 plasma.
5.1.1.2 Characterization of GaN Thin Films
Compositional characterization of ∼17 nm thick GaN film was carried out by X-
ray photoelectron spectroscopy (XPS). Survey scan detected peaks of Ga, N, O,
and C at the film surface. Figure 5.4 represents the compositional depth profile
of the film deposited at 250 ○C. In the bulk film (tetch = 60 s), concentrations
of Ga, N and O were 36.6, 43.9 and 19.5 at.%, respectively. Compositional
characterization of ∼42 nm thick film deposited at 185 ○C revealed similar results,
where concentrations of Ga, N and O in the bulk film were determined as 31.3,
46.9 and 21.8 at.%, respectively. Although these results suggest that the films
are N-rich, in practice it is not possible to determine the real Ga/N ratio using
wide-scan survey spectra since Auger peaks of Ga overlap with the N 1s peak
and contribute to its intensity. There is also a slight N 2s contribution in the Ga
3d peak. When the background of N 1s peak was determined manually, which in
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Figure 5.4: Compositional depth profile of ∼17 nm thick GaN thin film deposited
at 250 ○C.
part eliminated the Ga contribution, the elemental composition of ∼42 nm thick
GaN film (tetch = 100 s) was found as 41.84 at.% Ga, 29.81 at.% N, 26.41 at.%
O, and 1.94 at.% Ar (Ar incorporation occurs as a result of ion etching process).
However, it should be noted that this data still does not represent the actual
atomic concentrations of Ga and N. In order to determine the actual values, the
high-resolution XPS (HR-XPS) data should be analyzed. Atomic concentrations
of Ga and N, and therefore the stoichiometry can be determined if Ga 3d and N
1s peaks are distinguished by the deconvolution of HR-XPS data and correlated
with the correct Scofield factors. As the deposition temperature decreased from
250 to 185 ○C, O content in the film increased from 19.5 to 21.8 at.%. This
behavior is similar to that seen in the case of GPC, and may explain the higher
deposition rates observed in region II (Figure 5.2(a)). For both of these films,
C was detected only at the surfaces and no C impurities were found in the bulk
films, indicating that the methyl groups (CH3) were completely removed from
GaMe3 molecules by the use of NH3 plasma.
Constant O concentrations throughout the film thicknesses reveal that the
oxidation occurs during film deposition. In order to determine the source of O
present in the films, trimethylaluminum (AlMe3) precursor (carried by Ar) was
pulsed into the reactor for 500 times at 250 ○C. There was 10 s of purging time
between the pulses. If there were any unwanted O contents in the reactor or in
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the Ar gas, then Al2O3 would be expected to grow. However, no film growth
was observed. Although we carried out a similar experiment at 185 ○C using
the GaMe3 precursor, we later realized that GaMe3 does not react with H2O at
this temperature; in order to deposit Ga2O3 thin films we used O2 plasma as the
reactant [203]. These results indicated that the source of O was neither a leak
in the reactor nor the Ar gas. The most probable source of high O levels was
therefore presumed as the O-containing impurities in 5N-grade NH3 gas. This
argument strengthened by the fact that there were no filters/gas purifiers installed
on the gas delivery lines. However, as it will be shown in Section 5.3.1, similar O
concentrations were detected in GaN films deposited with purified process gases.
The true source of oxygen contamination was then found to be the quartz tube
of ICP source itself, which was later confirmed by the case where we detected a
leak in the system due to the etching of the quartz tube (see Figure 5.5). Such
plasma-related oxygen contamination was also reported for GaN thin films grown
by remote plasma enhanced chemical vapor deposition [204].
Figure 5.5: Photograph of the quartz tube of ICP source, which was etched all
the way through its wall thickness.
High-resolution transmission electron microscopy (HR-TEM) images of ∼42
nm thick GaN thin film deposited at 185 ○C are given in Figures 5.6(a) and 5.6(b).
Film thickness was measured as 40.8 nm from Figure 5.6(a), which is in good
agreement with the results obtained by spectroscopic ellipsometry (SE). Film
was found to be composed of small crystallites dispersed in an amorphous matrix
(Figure 5.6(b)). A similar microstructure was also observed for the ∼17 nm thick
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Figure 5.6: (a), (b) Cross-sectional HR-TEM images of ∼42 nm thick GaN thin
film deposited at 185 ○C on Si (111) substrate. (c) GIXRD pattern of ∼17 nm
thick GaN thin film deposited at 250 ○C on Si (100) substrate.
GaN thin film deposited at 250 ○C. GIXRD pattern of this sample (Figure 5.6(c))
indicated an amorphous structure, with some implications of long-range order cor-
responding to the small crystallites that exist in the amorphous Ga-O-N matrix.
Surface morphology of the film was studied by atomic force microscopy
(AFM). Root-mean-square (rms) roughness of the ∼17 nm thick film deposited
at 250 ○C was measured as 0.58 nm from a 1 µm × 1 µm scan area. X-ray re-
flectivity (XRR) data of the ∼42 nm thick film deposited at 185 ○C was fitted
using a 3-layer model (i.e., GaxOyNz/SiO2/Si), from which the thickness, mass
density and roughness values were estimated as 39.37 nm, 5.25 g/cm3 and 1.26
nm, respectively. The thickness and refractive index of the film were determined
using SE as 42.01 nm and 1.89 (λ = 632 nm), respectively.
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5.1.2 PA-ALD Using GaEt3 and NH3 Plasma
5.1.2.1 Optimization of PA-ALD Parameters
GaN thin films were deposited on Si (111) substrates by PA-ALD using GaEt3
and NH3 as the Ga and N precursors, respectively. Figure 5.7(a) shows the GaEt3
saturation curves obtained at 150 and 250 ○C. The data obtained at 250 ○C did
not show a clear saturation behavior. Therefore, same depositions were repeated
after the temperature was decreased to 150 ○C. As seen in Figure 5.7(a), GPC
increased with GaEt3 pulse length until 1 s. A further increase in GaEt3 pulse
length did not affect GPC, implying that the chemisorption of GaEt3 is self-
limiting at this temperature. The effect of purge time on GPC at 150 ○C is given
in Figure 5.7(b). Data given in this plot were collected from thin film samples,
which were deposited by repeating the following PA-ALD cycle for 200 times: 0.5
s GaEt3/Ar purge/90 s, 50 sccm, 300 W NH3 plasma/Ar purge. As shown in the
figure, GPC decreased from 0.60 to 0.49 A˚ as the purge time increased from 0
to 5 s, and remained constant at this value for longer purge times. Ten seconds
of purge time, which has already been used for the saturation curve depositions,
was therefore shown to be sufficient for the separation of reactants. Figure 5.8(a)
is the NH3 saturation curve obtained at 250 ○C. GPC increased with NH3 flow
duration until 120 s and reached saturation at ∼0.47 A˚.
GPC values for GaN thin films deposited at different temperatures are given
in Figure 5.8(b). For these experiments, 200 cycles were deposited with 0.5 s
GaEt3/10 s Ar purge/90 s, 50 sccm, 300 W NH3 plasma/10 s Ar purge. A constant
GPC (i.e., ∼0.48 A˚) was observed within the temperature range of 150-350 ○C.
For higher temperatures, GPC increased with temperature. Film thickness vs.
number of deposition cycles graph for GaN films deposited at 150 ○C using 1 s
GaEt3 with 120 s NH3 plasma is given in Figure 5.9. A linear growth behavior
was observed at 150 ○C, where slope of the linear fit revealed the GPC as 0.43 A˚.
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Figure 5.7: (a) GaEt3 saturation curves at 150 and 250 ○C. NH3 flow rate and
duration were constant at 50 sccm and 90 s, respectively. Purge time between
the exposures was 10 s. (b) Deposition rate as a function of purge time. Dashed
line is for visual aid.



























Figure 5.8: (a) NH3 saturation curve at 250 ○C. GaEt3 pulse length was constant
at 0.5 s, purge time between the exposures was 10 s. (b) GPC values for GaN
thin films deposited at different temperatures.
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Figure 5.9: Film thickness vs. number of deposition cycles plot for GaN thin
films deposited at 150 ○C using GaEt3 and NH3 plasma.
5.1.2.2 Characterization of GaN Thin Films
Compositional characterization of ∼28 nm thick GaN film deposited at 150 ○C was
carried out using XPS. Survey scans detected peaks of Ga, N, O, and C. C was
detected only at the film surface and no C impurities were found in the bulk film.
O content of the film was high; i.e., 22.5 at.%, as determined from compositional
depth profile. XPS survey scan revealed the elemental composition of bulk film
(tetch = 100 s) as 38.49 at.% Ga, 35.91 at.% N, 23.83 at.% O, and 1.77 at.% Ar,
where the background of N 1s peak was determined manually. GIXRD pattern
of the sample, which indicated an amorphous structure, was identical to that of∼17 nm thick GaN thin film deposited at 250 ○C using GaMe3 and NH3 plasma
(see Figure 5.6(c)). XRR data of the film was fitted using a 3-layer model (i.e.,
GaxOyNz/SiO2/Si), from which the thickness, mass density and roughness values
were estimated as 26.66 nm, 4.76 g/cm3 and 1.11 nm, respectively. The thickness
and refractive index of the film were determined using SE as 27.67 nm and 1.90
(λ = 632 nm), respectively.
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5.2 PA-ALD of InN Thin Films
5.2.1 PA-ALD Using InMe3 and NH3 Plasma
Four sequential depositions were carried out at 250 ○C using InMe3 and NH3
plasma as the In and N precursors, respectively. Details of these depositions are
summarized in Table 5.1. After each deposition, ellipsometric spectrum of the
sample was recorded (Figure 5.10), and then the sample was loaded back into the
reactor for the following deposition. Although the ellipsometric angle, Psi (Ψ)
shifted slightly to higher values with each deposition, there was no significant
film growth after 1000 PA-ALD cycles as determined by both SE and XRR. XPS
survey scan indicated the presence of 1.47 at.% In, 21.44 at.% N, 46.88 at.% O,
24.71 at.% C at the film surface. The remaining 5.5 at.% was the contribution
from Si (111) substrate.
Table 5.1: Details of the sequential InMe3-NH3 plasma depositions.
Deposition Number of InMe3 pulse NH3a flow Purge
sequence cycles length (s) duration (s) time (s)
D1 250 0.015 180 5
D2 250 0.03 180 5
D3 250 0.015 60 5
D4 250 0.015 300 5
aFlow rate and plasma power were 50 sccm and 300 W, respectively.
5.2.2 PA-ALD Using CpIn and NH3 Plasma
Two sequential depositions were carried out at 250 ○C using CpIn and NH3 plasma
as the In and N precursors, respectively. 250 PA-ALD cycles were deposited in
each case, where one PA-ALD cycle was consisted of 1 s CpIn/10 s Ar purge/40
s, 50 sccm, 300 W NH3 plasma/10 s Ar purge. Therefore, a total of 500 cycles
were deposited on a Si (111) substrate. XPS survey scan detected 9.99 at.% In,
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Figure 5.10: Ellipsometric spectra of the Si (111) substrate before and after the
sequential InMe3-NH3 plasma depositions. The angle of incidence was 75○.
5.12 at.% N, 34.45 at.% O, 32.08 at.% C, and 18.35 at.% Si at the sample surface.
GIXRD pattern of the sample indicated a polycrystalline structure consisting of
cubic In2O3 (c-In2O3) and tetragonal In (t-In) phases. Upon annealing at 900 ○C
for 30 min under N2 ambient, peaks corresponding to the t-In phase disappeared.
The thickness of the annealed sample, which was polycrystalline single-phase c-
In2O3, was determined using SE as 7.2 nm. When O2 plasma was used as the
reactant, 250 PA-ALD cycles (1 s CpIn/5 s Ar purge/20 s, 25 sccm, 300 W O2
plasma/5 s Ar purge) were resulted in a ∼36.2 nm thick c-In2O3 thin film [205].
5.3 GaN and AlN Thin Films Deposited Using
Purified NH3, N2/H2 and N2 Plasma Gases
In Section 5.1, GaN thin films deposited using metalorganic precursors and NH3
plasma were shown to have high O incorporation, which was attributed to oxygen
contamination related to the plasma system. In this section, it will be shown that
the choice of nitrogen containing plasma gas (NH3, N2/H2 or N2) determines the
severity of O incorporation into deposited films. Lowest O concentrations were
attained for GaN and AlN thin films using N2 and NH3 plasmas, respectively.
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5.3.1 GaN Thin Films
Three samples were deposited at 185-215 ○C using different N-containing plasma
gases, namely NH3, N2 and N2/H2. Being different than the depositions described
in Section 5.1, 5N-grade plasma gases, and the carrier gas, Ar, used in these
depositions were further purified using MicroTorr gas purifiers.
For the film deposited with NH3 plasma, one PA-ALD cycle consisted of 0.015
s GaMe3 (TGaMe3 = 6
○C)/10 s Ar purge/90 s, 50 sccm, 300 W NH3 plasma/10
s Ar purge. For this sample, 21.5 at.% O was detected in the bulk film using
XPS. In other words, the high O concentration in GaN film could not be lowered
by the use of purified process gases. It has been then realized that the actual
source of this oxygen contamination was the etching of quartz tube in which
plasma forms. As an attempt to grow GaN thin films with low O concentrations,
we tried thermal ALD of GaN at 450 ○C, however GaMe3 and NH3 did not
react at this temperature, and therefore no film growth was observed. For the
following PA-ALD experiments, shorter plasma durations were used in order to
avoid heating of the quartz tube and a lower base pressure was employed (i.e.,∼150 mTorr) for favoring the inductive plasma source operation, both of which
would minimize the sputtering of quartz and therefore decrease the extent of
plasma-related oxygen contamination [206]. Table 5.2 summarizes the deposition
conditions for GaN thin film samples. Elemental compositions of the deposited
films are given in Table 5.3.
Table 5.2: Deposition details for GaN thin film samples.
Plasma Flow rate Flow Deposition Number of Film
gas (sccm) duration temperature cycles thicknessa
(s) (○C) (nm)
NH3 50 90 185 1000 31.6
N2 50 20 215 1000 19.1
N2/H2 50/20 20/5 200 1000 22.0
aFilm thicknesses were measured using SE.
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Table 5.3: Elemental compositions of GaN thin film samples as determined by
XPS survey scans. Data were collected after 60 s Ar ion etching.
Plasma Elemental composition (at.%)
gas Ga N O C Ar
NH3 45.02 31.69 21.46 - 1.84
N2 44.58 41.83 4.48 9.12 -
N2/H2 46.46 44.64 4.70 4.20 -
When N2 plasma was used instead of NH3 plasma, O concentration of GaN
thin film decreased to 4.48 at.%, whereas its C concentration increased to 9.12
at.%. The sample deposited using N2 plasma was amorphous. We were able to
deposit polycrystalline wurtzite GaN thin films with low O and C concentrations
(4.70 and 4.20 at.%, respectively) at 200 ○C by introducing 20 sccm H2 in addition
to 50 sccm N2 during the third quarter of the plasma duration. GIXRD pattern
of the GaN film deposited using N2/H2 plasma is shown in Figure 5.11. These
results show that C impurities have a detrimental effect on the crystallinity of
GaN and introduction of H2 during the N2 plasma is crucial for achieving C-free
GaN thin films.
XRR data of the sample with high O concentration (NH3 plasma, 21.46 at.%
O) was fitted using a three-layer model (i.e., GaxOyNz/SiO2/Si), whereas those
of the samples with relatively low O concentrations were fitted using a four-layer
model (i.e., Ga2O3/GaN/SiO2/Si). Film thickness values obtained by fitting of
the measured XRR data were slightly lower than those measured by SE. Film
thicknesses (tGaxOyNz or tGaN + tGa2O3) were measured as 30.48, 18.27 and 22.63
nm for the films deposited using NH3, N2 and N2/H2 plasmas, respectively. Fur-
thermore, density values of 4.64, 4.09 and 4.91 g/cm3, and roughness values of
0.49, 1.16 and 2.61 nm were estimated for GaN films deposited using NH3, N2
and N2/H2 plasmas, respectively.
Refractive index of the GaN film at 632 nm was increased from 1.93 to 2.00
as the O concentration decreased from 21.46 to 4.48-4.70 at.%. The increase in
C concentration did not affect the refractive index value.
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Figure 5.11: GIXRD pattern of a ∼22 nm thick GaN thin film deposited at 200○C by PA-ALD using GaMe3 and N2/H2 plasma.
5.3.2 AlN Thin Films
Six samples were deposited at 190 ○C using different N-containing plasma gases,
namely NH3, N2 and N2/H2. 5N-grade plasma gases, and the carrier gas, Ar,
used in these depositions were further purified using MicroTorr gas purifiers. One
PA-ALD cycle was consisted of 0.1 s AlMe3/10 s Ar purge/N-containing plasma
(plasma power = 300 W)/10 s Ar purge. An AlN thin film was also deposited
at 450 ○C using thermal ALD, and used for comparison. Deposition details for
AlN thin film samples are summarized in Table 5.4. Elemental compositions of
the deposited AlN films are given in Table 5.5.
In the case of GaN thin films (Section 5.3.1), the film deposited using NH3
plasma had ∼20 at.% O in the bulk film. The use of N2 or N2/H2 plasma decreased
this value to <5 at.%. When same approach was followed for the deposition of
AlN using AlMe3, O concentration of the film increased tremendously (i.e., >45
at.%). AlN samples deposited using N2/H2 plasma process, in which N2 and H2
were simultaneously introduced into the reactor, had 4-5 at.% O and 5-6 at.%
C in the bulk film. For AlN, best results were obtained with the AlMe3-NH3
plasma process. For this sample, 3.88 at.% C was found in the bulk film. In Sec-
tion 4.2.2.1, we reported on the deposition of C-free AlN thin films with low O
concentrations using the same PA-ALD process. This suggests that NH3 plasma
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Table 5.4: Deposition details for AlN thin film samples.
Plasma Flow rate Flow Number of Film
gas (sccm) duration (s) cycles thicknessa (nm)
NH3 50 20 500 33.5
N2 50 20 500 53.1
N2/H2-1 50/20 20/5b 500 42.9
N2/H2-2 50/20 20/5c 500 53.8
N2/H2-3 50/20 20 500 20.4
N2/H2-4 50/50 20 500 17.1
NH3-thermal 50 20 500 51.9





duration (20 vs. 40 s) has a major effect on the resulting C concentration of
AlN thin films. Furthermore, the atomic concentrations of O and C in the AlN
thin film deposited using AlMe3-NH3 plasma process were comparable to those in
AlN film deposited using thermal ALD. Since plasma was not activated during the
thermal ALD of AlN, O impurity concentration detected in this film is not asso-
ciated with the plasma-related oxygen contamination; therefore it represents the
minimum attainable O concentration at the given deposition conditions. When
compared to sample deposited using thermal ALD, a lower O concentration was
detected for the film deposited using NH3 plasma. This difference is considered
to be within the limits of measurement error. XPS results therefore suggest that
the AlN films deposited using NH3 plasma are not affected by the plasma-related
oxygen contamination. For the film deposited using N2/H2 plasma (N2/H2-4),
4.04 at.% O was detected after 50 s of Ar ion etching, which is higher than the
value reported in Section 4.3.2 for films deposited with 40 s N2/H2 plasma (i.e.,
1.77 at.% O). However, it should be noted that - as discussed in the previous
chapter - AlN films deposited using PA-ALD are prone to atmospheric surface
oxidation, effects of which expected to be significant even after Ar ion etching in
the case of very thin films.
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Table 5.5: Elemental compositions of AlN thin film samples as determined by
XPS survey scans.
Plasma gas tetch Elemental composition (at.%)
(-sample number) (s) Al N O C Ar
NH3 150 51.53 41.18 1.51 3.88 1.90
N2 150 34.78 7.71 48.45 8.00 1.07
N2/H2-1 150 38.99 7.03 45.71 6.44 1.83
N2/H2-2 150 36.26 7.23 47.42 7.72 1.38
N2/H2-3 50 49.13 38.26 4.73 5.94 1.93
N2/H2-4 50 49.83 39.17 4.04 4.95 2.02
NH3-thermal 150 52.88 39.33 1.78 4.08 1.93
Samples with high O concentrations were amorphous as determined by
GIXRD. Samples N2/H2-3 and N2/H2-4 were also amorphous due to the O (∼4-5
at.%) and C (∼5-6 at.%) impurities. The sample deposited using NH3 plasma
had low concentration of O impurities, however 3.88 at.% C was detected in
the sample. Its GIXRD pattern revealed a weak crystallinity with broad peaks
corresponding to the hexagonal wurtzite crystal structure.
XRR data were fitted using a three-layer model (i.e., AlxOyNz/SiO2/Si) for the
films having >45 at.% O. For the AlN films with low O concentrations, on the other
hand, a four-layer model (i.e., Al2O3/AlN/SiO2/Si) was applied. XRR results
(film thickness, mass density and roughness) are given in Table 5.6 together with
the refractive index values, which were determined using SE. Film thicknesses
estimated using XRR were in good agreement with the values obtained from SE.
Mass density values within the range of 2.35-2.53 g/cm3 were determined for
AlN films deposited using NH3, N2 and N2/H2 plasmas. These values are lower
than 2.71 and 2.61 g/cm3, which were reported in the previous chapter for films
deposited using 40 s NH3 and N2/H2 plasma durations, respectively. Refractive
indices of AlN films deposited using PA-ALD increased from 1.55 to 1.84 as the
O impurity concentrations decreased from >45 to 1.51 at.%. Yet, the highest
refractive index value was still lower than that reported for AlN films deposited
using 40 s NH3 and N2/H2 plasma durations (n = 1.92 at 632 nm). Mass density
and refractive index of the AlN film deposited using thermal ALD (ρ = 2.72
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g/cm3, n = 1.95 at 632 nm) were slightly higher than those of AlN film deposited
using NH3 plasma with 40 s plasma duration.
Table 5.6: Thickness, mass density and roughness values for AlN thin film samples
as estimated by XRR. Refractive index values, which were determined using SE,
are also included.
Plasma tAlN or tAlxOyNz tAl2O3 ρ r n
a
gas (nm) (nm) (g/cm3) (nm)
NH3 31.69 0.35 2.49 1.01 1.84
N2 50.98 - 2.48 0.28 1.56
N2/H2-1 41.52 - 2.53 0.71 1.55
N2/H2-2 51.64 - 2.51 0.51 1.56
N2/H2-3 17.44 2.05 2.35 0.59 1.82
N2/H2-4 15.94 1.36 2.42 0.85 1.83
NH3-thermal 48.93 0.37 2.72 1.81 1.95




Atomic Layer Deposition of
III-Nitride Thin Films
The work described in this chapter was published in part as: C. Ozgit-Akgun, E. Gold-
enberg, A. K. Okyay, and N. Biyikli, “Hollow cathode plasma-assisted atomic layer deposition
of crystalline AlN, GaN and AlxGa1−xN thin films at low temperatures,” Journal of Materials
Chemistry C, 2014. DOI: 10.1039/c3tc32418d
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Hollow cathode plasma-assisted atomic layer deposition (HCPA-ALD) of crys-
talline aluminum nitride (AlN), gallium nitride (GaN), aluminum gallium nitride
(AlxGa1−xN), and indium nitride (InN) thin films was demonstrated at 200 ○C
using trimethylaluminum (AlMe3), trimethylgallium (GaMe3) and cyclopenta-
dienyl indium (CpIn) as the Al, Ga and In precursors, respectively. Deposition
parameters including metalorganic pulse length, N2/H2 plasma flow duration and
purge time were optimized for AlMe3-N2/H2 and GaMe3-N2/H2 plasma processes.
Films deposited using both non-optimized and optimized parameters were char-
acterized in detail using elemental, structural, surface, and optical analyses.
6.1 AlN and GaN Thin Films Deposited Using
Non-Optimized HCPA-ALD Parameters
AlN and GaN thin films were first deposited on 4 in. Si (100) substrates at 200 ○C
using non-optimized process parameters. Eight hundred cycles were deposited,
where one cycle consisted of 0.1 s AlMe3 or 0.015 s GaMe3/10 s Ar purge/40 s,
300 W NH3 plasma (50 sccm) or N2/H2 plasma (50 sccm each)/10 s Ar purge. Ta-
ble 6.1 summarizes the spectroscopic ellipsometry (SE) results obtained from AlN
and GaN thin film samples deposited using NH3 and N2/H2 plasma processes,
where average thickness (tavg), average refractive index (navg) and uniformity data
were obtained by the evaluation of spectra taken from five different points on the
Si 4 in. wafer (the center and the edges). Growth per cycle (GPC) was calculated
by dividing tavg by the number of cycles applied, assuming that a constant amount
of material was deposited in each cycle. When compared to N2/H2 plasma, the
use of NH3 plasma resulted in slightly higher GPC values for both AlN and GaN
thin films. On the other hand, films deposited using N2/H2 plasma were better
in terms of thickness uniformity. Although these deposition experiments were
carried out using HCPA-ALD parameters that are not optimized for true ALD
conditions, resulting films were reasonably uniform with wafer-level uniformity of≤±1.5% (see Figure 6.1). It is also worth mentioning that we achieved higher GPC
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Table 6.1: SE results of AlN and GaN thin films deposited using non-optimized
HCPA-ALD parameters.
tavg Uniformitya GPC navgb Uniformityc
Sample (nm) of t (±%) (A˚) of n (±%)
AlN (NH3 plasma) 81.5 1.23 1.02 1.98 0.04
AlN (N2/H2 plasma) 76.7 1.05 0.96 1.99 0.15
GaN (NH3 plasma) 21.1 1.51 0.26 2.17 0.50
GaN (N2/H2 plasma) 18.4 1.31 0.23 2.14 0.17
aUniformity (±%) is calculated using the formula: [(tmax-tmin)/(2×tavg)]×100.
bnavg is the average refractive index at 632 nm.
cUniformity (±%) is calculated using the formula: [(nmax-nmin)/(2×navg)]×100.
values for AlN (1.02 and 0.96 A˚ for NH3 and N2/H2 plasma processes, respec-
tively) using the present configuration; GPC values that we obtained using the
previous configuration with quartz-based inductively coupled RF-plasma (ICP)
source (see Sections 4.2.1 and 4.3.1) were 0.86 and 0.55 A˚ for NH3 and N2/H2
plasma processes, respectively. Although this improvement may be related to the
higher plasma density of the hollow cathode plasma (HCP) source, this cannot be
stated for sure since the base pressure and Ar carrier flow rates were not same for
Figure 6.1: Photograph of a 81.5 nm thick AlN thin film deposited on 4 in.
Si (100) substrate using AlMe3 and NH3 plasma. Wafer-level uniformity was
measured as ±1.23%.
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the current and previous configurations. Refractive indices of the AlN thin films
deposited using NH3 and N2/H2 plasmas were 1.98 and 1.99 at 632 nm, respec-
tively, which are higher than the values measured for AlN thin films deposited
using quartz-based ICP source and in good agreement with the values given in
literature for polycrystalline AlN thin films [189]. We measured the refractive
indices of GaN films deposited using NH3 and N2/H2 plasmas as 2.17 and 2.14,
respectively, which are comparable to values given in literature [207].
X-ray photoelectron spectroscopy (XPS) survey scans detected 6-11 at.% C
and 15-30 at.% O on the AlN and GaN film surfaces. AlN surfaces were more
prone to atmospheric oxidation (25-30 at.% O) as compared to GaN surfaces
(15-16 at.% O). Additional XPS survey scans were obtained with constant time
intervals (e.g., 60 s) as the samples in the ultra high vacuum (UHV) chamber
of XPS system were etched with a beam of Ar ions. For all the four samples,
C 1s peak disappeared with the first etch; therefore no C was detected in the
subsequent scans. O concentrations in the AlN thin films gradually decreased
with each etch, and became constant for tetch ≥300 s. XPS survey scan obtained
after 600 s of etch revealed the elemental composition of AlN thin film deposited
using NH3 plasma as 50.45 at.% Al, 45.56 at.% N, 2.45 at.% O. The remaining
1.54 at.% corresponds to Ar, which incorporates into samples during ion etching.
Elemental composition of the AlN deposited using N2/H2 plasma was very similar
to that deposited using NH3 plasma. Survey scan (tetch = 600 s) indicated 50.77
at.% Al, 44.90 at.% N, 2.97 at.% O, and 1.37 at.% Ar for this sample. These
results indicate that the AlN films are slightly Al-rich with Al/N ratios of 1.11 and
1.13 for samples deposited using NH3 and N2/H2 plasma processes, respectively.
Elemental compositions of the GaN thin films were also determined using XPS
(tetch = 60 s), where 42.19 at.% Ga, 55.18 at.% N, 1.51 at.% O, 1.13 at.% Ar, and
42.24 at.% Ga, 54.57 at.% N, 1.65 at.% O, 1.54 at.% Ar were detected for the
samples deposited using NH3 and N2/H2 plasmas, respectively. Although these
results suggest N-rich GaN films, it should be noted that the atomic concentration
of N is overestimated due to the significant contribution of Auger Ga peaks, which
overlap with the N 1s peak.
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In terms of O impurity concentrations determined by XPS, it seems that the
use of HCP source did not result in any improvement as we already reported ∼3
at.% O for AlN films deposited using ICP source (see Sections 4.2.2 and 4.3.2).
However it should be noted that the determination of impurity concentrations
by XPS can be challenging. Butcher et al. [208] reported that using XPS to
examine AlN thin films after etching the surface with a 5 kV argon ion beam
results in substantial errors in the quantification of O and C impurities present
in this material. In another study [209], it was reported that XPS can detect
2-5 at.% O again after Ar ion etching for commercial GaN samples which have
approximately 0.02% bulk O as confirmed by secondary ion mass spectroscopy
(SIMS). In order to further investigate this, we obtained SIMS depth profiles for
AlN and GaN thin films deposited using NH3 plasma (Figure 6.2). SIMS data
showed that H, C and O impurities present in both films. Concentrations of O
and C were 6.9×1020 and 2.5×1020 atoms/cc in the bulk AlN film (depth = 30
nm) (Figure 6.2(a)), both of which correspond to <1 at.%. In literature, similar
quantities of O and C impurities were reported for AlN thin films deposited using
PA-ALD [116]. SIMS depth profile of GaN film is given in Figure 6.2(b), where
lower plateau (7-10 nm) reveals the real concentration of O in the GaN layer. The
higher concentration in the 0-5 nm region is an artifact from ion mixing from the
surface O. Concentrations of O and C impurities were determined as 1.4×1020
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Figure 6.2: Impurity concentrations determined by SIMS depth profiling for (a)
AlN, and (b) GaN thin films deposited using NH3 plasma. Silicon is not quantified
in the layers, only plotted as the substrate layer marker.
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and 1.8×1020 atoms/cc in the bulk GaN film (depth = 7 nm), both corresponding
to <1 at.%. Concentrations of the H impurities were high in both films with
values of 5.6×1021 and 8.0×1021 atoms/cc for AlN and GaN, respectively. This
observation is in parallel with the results recently published by Perros et al. [113],
which emphasize the presence of high concentrations (∼20 at.%) of H impurities
in AlN thin films deposited by PA-ALD using NH3 and N2/H2 plasmas. Film
thicknesses estimated by SIMS were lower than those measured using SE, which is
probably due to the different etch rates of AlN and GaN thin films deposited using
HCPA-ALD and the standard samples used to quantify impurity concentrations.
Grazing-incidence X-ray diffraction (GIXRD) patterns of AlN and GaN thin
films deposited using NH3 plasma are given in Figure 6.3. Same GIXRD patterns
were obtained for the AlN and GaN thin films deposited using N2/H2 plasma; the
use of different plasma gases (NH3 vs. N2/H2) affected neither the peak positions
nor the relative intensities of peaks. As revealed by their GIXRD patterns, AlN
and GaN films were polycrystalline with (hexagonal) wurtzite crystal structure.
Crystallite size values were calculated from the (002) reflections using line profile
analysis (LPA). Since the size-strain broadening was quite anisotropic, we were
not able to determine an average value using the Williamson-Hall plot. Crys-
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Figure 6.3: GIXRD patterns of (a) AlN, and (b) GaN thin films deposited on
Si (100) substrates using NH3 plasma. GIXRD pattern of the AlN thin film
deposited using quartz-based ICP source is also shown in (a) for comparison.
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tallite sizes were found to be 19.2 and 24.8 nm for AlN, and 10.2 and 9.3 nm
for GaN films deposited using NH3 and N2/H2 plasma processes, respectively.
The GIXRD pattern of the AlN thin film deposited using the quartz-based ICP
source is also included in Figure 6.3(a) for comparison. The increase in the in-
tensity of (002) reflection and improvement in the full width at half maximum
(FWHM) values suggest larger crystallites and therefore an enhancement in the
crystalline quality for films deposited using current configuration with the HCP
source. LPA analysis results obtained for the (002) reflections showed that the
crystallite sizes, which were 3.4 and 3.1 nm for AlN films deposited using NH3
and N2/H2 plasmas, respectively, increased to 20-25 nm with the use of present
configuration. Assuming that a significant fraction of O impurities segregate at
the grain boundaries, the increase in crystallite size might be indicating a decrease
in the O impurity concentration. Figures 6.4(a) and 6.4(b) are the transmission
electron microscopy (TEM) and high-resolution TEM (HR-TEM) images of the
GaN thin film deposited using NH3 plasma. The ∼3 nm thick amorphous SiO2
layer at the GaN/Si interface, which is generally named as the damage layer,
formed during the TEM sample preparation using FIB [210]. Thickness of the
GaN layer was measured from the HR-TEM image (Figure 6.4(b)) as 19.2 nm,
which is ∼2 nm lower than the value measured using SE (i.e., 21.1 nm). X-ray re-
flectivity (XRR), on the other hand, yielded a thickness of 18.2 nm for this sample
(sum of the GaN and Ga2O3 layer thicknesses in the 4-layer XRR model), which
is slightly lower than the value directly measured from HR-TEM image. Besides
confirming polycrystallinity of the GaN layer, HR-TEM image also evidences the
existence of large crystals in the film, which can extend along the film thick-
ness. Diffraction rings seen in the SAED pattern (Figure 6.4(c)) also reveal the
polycrystalline nature of GaN thin film, whereas reciprocal lattice points in this
pattern correspond to the diamond lattice of the underlying Si (100) substrate.
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(a) (b) (c)
Figure 6.4: Cross-sectional (a) TEM, and (b) HR-TEM images of 21 nm thick
GaN thin film deposited on Si (100) substrate using NH3 plasma. FIB-induced
SiO2 damage layer formed at the GaN/Si interface during TEM sample prepara-
tion. (c) SAED pattern of the same sample.
6.2 Optimization of HCPA-ALD Parameters
6.2.1 AlN Thin Films
HCPA-ALD parameters were optimized at 200 ○C for the deposition of AlN thin
films using AlMe3 and N2/H2 plasma. For the AlMe3 saturation curve (Fig-
ure 6.5(a)) 200 cycles AlN were deposited on Si (100) substrates using different
AlMe3 pulse lengths, where one HCPA-ALD cycle was 0.03-0.12 s AlMe3/10 s
Ar purge/40 s, 50 + 50 sccm, 300 W N2/H2 plasma/10 s Ar purge. As seen in
Figure 6.5(a), GPC values calculated using SE and XRR data followed the same
trend with different values, and GPC slightly decreased with increasing AlMe3
pulse lengths. Physically, such a decrease is not possible since as the pulse length
increases the amount (or number) of AlMe3 molecules that are being carried to
reactor increases, which in turn increases the number of collisions the reactant
has with the surface. Precursors may desorb from the surface when long purge
times are used, however this should not be the case here since a constant purge
time of 10 s was used for all depositions. Therefore the slight decrease in GPC
was considered to be within the limits of measurement error, and ignored, and
GPC was accepted as constant at ∼0.93 A˚ (as measured by SE) for the AlMe3
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Figure 6.5: (a) AlMe3, and (b) N2/H2 saturation curves at 200 ○C. For the AlMe3
saturation curve, N2/H2 flow rate and flow duration were kept constant at 50 +
50 sccm and 40 s, respectively. AlMe3 pulse length was 0.06 s for the N2/H2 satu-
ration curve. (c) AlN film thickness plotted as a function of number of deposition
cycles.
pulse length range of 0.03-0.12 s. Although 0.03 s AlMe3 seems to be enough for
having self-limiting surface reactions, we selected 0.06 s as the optimized value
for the following depositions. As the next step of optimization study, flow du-
ration of N2/H2 plasma was varied while keeping the other parameters constant
(Figure 6.5(b)). The data obtained using SE and XRR revealed different trends.
According to curve plotted using XRR data, GPC first slightly increases and
then reaches saturation for flow durations ≥40 s. According to the SE data, it
increases from 0.89 to 0.99 A˚ with longer durations of N2/H2 flow within the
20-80 s range. It should be noted that since Si substrates were treated with HF
prior to each deposition, the ellipsometric spectra were fitted using a two-layer
model (i.e., Cauchy/Si (0.5 mm)) by assuming that the thickness of SiO2 layer
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at the AlN/Si interface was negligible. XRR data, on the other hand, were fit-
ted using a four-layer model (i.e., Al2O3/AlN/SiO2/Si); thicknesses of AlN and
surface oxide (Al2O3) layers were added together for revealing the film thickness,
which was then used for the calculation of GPC value. When the thicknesses
of native SiO2 layers were also included to the film thickness values (shown in
Figure 6.5(b)), the results resembled those obtained by SE, where no saturation
behavior was observed. Although the applicability of Cauchy dispersion function
for the determination of AlN film thickness was verified by TEM (see Section
4.2.2), results suggest that the increase in GPC values obtained by SE for N2/H2
flow durations ≥40 s is due to the contribution of native oxide layer. Therefore, it
can be presumed that the self-limiting surface reactions are achieved for AlN de-
position when 40 s or longer N2/H2 plasma is used with predetermined N2 and H2
flow rates. Another parameter, which needs to be optimized, is the purge time.
If the purge time is not long enough, then the precursor might be introduced
into the chamber before the other one is completely purged away. This would
result in gas-phase reactions and a significant chemical vapor deposition (CVD)
component in the deposited films. In order to optimize this parameter for the
deposition of AlN thin films, we did additional depositions using 5 and 20 s purge
time, where AlMe3 pulse length was 0.06 s and N2/H2 flow duration was 40 s.
The GPC values, which were calculated using SE results, were found to be 0.90,
0.93 and 0.92 A˚ for 5, 10 and 20 s of purging, respectively. This confirms that
10 s purging is long enough to avoid any gas-phase reactions, and even 5 s can
be used to have shorter cycles. The optimized recipe was therefore determined
for the AlN growth as 0.06 s AlMe3/10 s Ar purge/40 s, 50 + 50 sccm, 300 W
N2/H2 plasma/10 s Ar purge. In Figure 6.5(c), AlN film thicknesses measured
using SE and XRR were plotted as a function of the number of cycles. Results
indicated linear growth with a slight nucleation delay. Slope of the linear fit of
SE data revealed the GPC at 200 ○C as ∼1.0 A˚.
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6.2.2 GaN Thin Films
HCPA-ALD parameters were optimized at 200 ○C for the deposition of GaN thin
films using GaMe3 and N2/H2 plasma, where 300 cycles were deposited using
0.015-0.09 s GaMe3/5-20 s Ar purge/20-80 s, 50 + 50 s, 300 W N2/H2 plasma/5-
20 s Ar purge. Figure 6.6(a) shows the GaMe3 saturation curve, which was
obtained by varying the GaMe3 pulse length between 0.015 and 0.09 s, while
keeping the purge time and N2/H2 plasma flow duration constant at 10 and 40 s,
respectively. SE and XRR data revealed curves with similar shapes but slightly
different values. When GaMe3 pulse length was increased from 0.015 to 0.03 s,
GPC (determined by SE) negligibly increased from 0.30 to 0.31 A˚; for 0.06 and
0.09 s it was 0.32 A˚. Therefore, GPC was constant within the range of 0.015-0.09
s, which evidences the self-limiting growth of GaN. In the following step, N2/H2
plasma duration was varied between 20 and 80 s (Figure 6.6(b)). GaMe3 pulse
length and purge time were 0.03 and 10 s, respectively. According to both SE
and XRR data, GPC increased upon increasing the N2/H2 flow duration from 20
to 40 s, but then saturated and did not change when flow duration was further
increased to 80 s, which again clearly indicates the existence of self-limiting growth
mechanism. Therefore, optimized values of GaMe3 pulse length and N2/H2 flow
duration were determined as 0.03 and 40 s, respectively. The effect of purge time
was studied by performing depositions with 5, 10 and 20 s of purge time, all
of which resulted with the same GPC. Therefore the optimized recipe for GaN
deposition was determined as 0.03 s GaMe3/10 s Ar purge/40 s, 50 + 50 sccm,
300 W N2/H2 plasma/10 s Ar purge. Figure 6.6(c) shows GPC values for the
optimized recipe, which were plotted as a function of the number of cycles. Both
SE and XRR data show a similar trend, where GPC decreases with increasing
number of deposition cycles. This suggests substrate-enhanced growth, where
GPC of GaN on Si is higher when compared to that of GaN on itself. This kind
of a growth behavior can occur if the number of reactive sites on the substrate is
higher than on the ALD-grown material [12].
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Figure 6.6: (a) GaMe3, and (b) N2/H2 saturation curves at 200 ○C. For the GaMe3
saturation curve, N2/H2 flow rate and flow duration were kept constant at 50 +
50 sccm and 40 s, respectively. GaMe3 pulse length was 0.03 s for the N2/H2
saturation curve. (c) GPC plotted as a function of the number of deposition
cycles. Data suggests substrate-enhanced growth of GaN thin films.
6.3 AlN and GaN Thin Films Deposited Using
Optimized HCPA-ALD Parameters
Six hundred cycles AlN and 900 cycles GaN were deposited at 200 ○C using op-
timized HCPA-ALD parameters. Table 6.2 summarizes the SE results of these
thin film samples together with the results of AlN and GaN films deposited using
N2/H2 plasma with non-optimized parameters. Note that the non-optimized pa-
rameters used for the deposition of AlN and GaN thin films using N2/H2 plasma
were identical to optimized parameters except the pulse lengths of AlMe3 and
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Table 6.2: SE results of AlN and GaN thin films deposited using N2/H2 plasma.
tavg Uniformitya GPC navgb Uniformityc
Sample (nm) of t (±%) (A˚) of n (±%)
AlN (0.06 s AlMe3)d 59.2 0.57 0.99 1.94 0.28
AlN (0.1 s AlMe3) 76.7 1.05 0.96 1.99 0.15
GaN (0.015 s GaMe3) 18.4 1.31 0.23 2.14 0.17
GaN (0.03 s GaMe3)e 20.1 0.77 0.22 2.17 0.32
aUniformity (±%) is calculated using the formula: [(tmax-tmin)/(2×tavg)]×100.
bnavg is the average refractive index at 632 nm.
cUniformity (±%) is calculated using the formula: [(nmax-nmin)/(2×navg)]×100.
dOptimized value for the HCPA-ALD of AlN.
eOptimized value for the HCPA-ALD of GaN.
GaMe3. Furthermore, it has been shown in the previous section that the met-
alorganic pulse lengths used in the non-optimized recipes (0.1 s for AlMe3 and
0.015 s GaMe3) also result in self-limiting growth mechanism (see Figures 6.5(a)
and 6.6(a)). For both AlN and GaN thin films, the use of optimized HCPA-ALD
parameters resulted in a better thickness uniformity over 4 in. Si substrate. Re-
fractive indices of AlN (0.06 s AlMe3) and GaN (0.015 s GaMe3) thin films were
found as 1.94 and 2.14 at 632 nm, respectively. These values increased to 1.99
and 2.17 when higher metalorganic pulse lengths were employed, which might be
due the deposition of denser films. Refractive index values of AlN and GaN films
determined by the Cauchy dispersion function are both in good agreement with
those reported in the literature [189, 207].
The change in metalorganic pulse lengths did not affect the chemical compo-
sitions of films. Chemical bonding states at the film surface (tetch = 0 s) and in
the bulk film (tetch = 300 and 60 s for AlN and GaN, respectively) were deter-
mined for the samples deposited using optimized parameters by the evaluation
of their high-resolution XPS (HR-XPS) scans (Figures 6.7 and 6.8). Al 2p HR-
XPS scan obtained from the AlN film surface (Figure 6.7(a)), was fitted by two
subpeaks (subpeaks A and B) located at 73.78 and 72.92 eV, corresponding to
Al-O [187] and Al-N [186, 187] bonds, respectively. Upon Ar ion etching, subpeak
A (corresponding to the Al-O bond) disappeared, and therefore Al 2p HR-XPS
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Figure 6.7: (a) Al 2p, and (b) N 1s HR-XPS scans of 59.2 nm thick AlN thin film
deposited on Si (100) substrate using optimized HCPA-ALD parameters.
scan was fitted with a single peak (subpeak B, 72.71 eV), which was attributed
to the Al-N bonding state. Additional information about the chemical bonding
states in the AlN film was provided by the N 1s spectrum (Figure 6.7(b)). N
1s scan obtained from the AlN film surface, was fitted using three subpeaks lo-
cated at 398.42 (subpeak A), 397.27 (subpeak B) and 396.20 eV (subpeak C),
corresponding to N-Al-O (surface only) [186], N-Al-O [186] and N-Al [186, 188]
bonds, respectively. N 1s HR-XPS scan obtained after Ar ion etching revealed
the existence of N-Al-O (subpeak B, 397.37 eV) and N-Al (subpeak C, 395.79
eV) bonds in the bulk film. Subpeaks corresponding to Al-N and N-Al bonds in
the Al 2p and N 1s spectra, respectively, confirmed the presence of AlN, whereas
the oxynitride peak (N-Al-O) was related to the <3 at.% O in bulk film detected
by the XPS survey scan.
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Ga 3d and N 1s HR-XPS spectra of the GaN thin film sample are given
in Figures 6.8(a) and 6.8(b), respectively. Ga 3d and N 1s spectra measured
from a commercial metalorganic CVD (MOCVD)-grown GaN sample were also
included in these figures for comparison. Ga 3d scan revealed the existence of
Ga-O [211, 212] and Ga-N [211–213] bonds at the film surface with subpeaks A
(20.27 eV) and B (19.46 eV), respectively. The subpeak D located at 16.98 eV
was related to the contribution from N 2s core level [212, 214]. N 1s spectrum
obtained from the film surface was fitted using three subpeaks located at 396.87
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Figure 6.8: (a) Ga 3d, and (b) N 1s HR-XPS scans of 20.1 nm thick GaN thin
film deposited on Si (100) substrate using optimized HCPA-ALD parameters.
(subpeak A), 395.37 (subpeak B) and 394.36 eV (subpeak C). Subpeak A was
assigned as the N-Ga bond [215], whereas subpeaks B and C were identified as
the Auger Ga peaks [216]. Ga 3d and N 1s spectra measured from the surface
of GaN thin film deposited by HCPA-ALD were in good agreement with those
measured from the surface of commercial MOCVD-grown sample. Ga 3d HR-
XPS spectrum of the etched film was fitted with three subpeaks located at 18.83
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(subpeak B), 17.60 (subpeak C) and 15.61 eV (subpeak D), corresponding to
Ga-N and Ga-Ga [213] bonding states, and contribution from the N 2s core level,
respectively. It is believed that the Ga-Ga bond is not associated with the sample,
but forms during Ar ion etching due to the accumulation of metallic Ga on the
surface of GaN thin film sample [209, 217]. N 1s spectrum obtained from the
etched film was fitted using three subpeaks, which were again assigned as the N-
Ga bond (subpeak A, 396.23 eV) and Auger Ga peaks (subpeak B, 394.72 eV and
subpeak C, 393.39 eV). The spectral locations of the subpeaks corresponding to
a particular bonding state, contribution, or Auger peak shifted to lower binding
energies for etched GaN samples. The spectral locations of Ga 3d and N 1s
peaks (tetch = 60 s) were also found to be slightly different for HCPA-ALD- and
MOCVD-grown GaN samples. This might be related to the reference that we
used for the correction of charging effects. For etched samples it is generally
convenient to use the spectral position of Ar 2p peak for determining the amount
of shift needed. However, in our case, Ar 2p peaks were quite weak to be used for
correction. Therefore we shifted the HR-XPS spectra of etched samples - as we
were shifting the spectra obtained from film surface - by an amount determined
by the location of adventitious C peak (C 1s). This approach might not work, as
in the present case, if charging of the film surface and etched region are different
due to their distinct chemical compositions.
GIXRD patterns of the AlN and GaN thin films deposited on Si (100) and
Si (111) substrates using optimized HCPA-ALD parameters (shown in part in
Figures 6.11 and 6.12) were identical to those given in Figures 6.3(a) and 6.3(b),
respectively, in terms of peak positions and relative intensities of the peaks. As
their GIXRD indicated, AlN and GaN thin films deposited at 200 ○C were single-
phase and polycrystalline with hexagonal wurtzite crystal structure. The GIXRD
pattern of the 59.2 nm thick AlN thin film deposited on c-plane sapphire substrate
was slightly different than those obtained from samples deposited on Si (100)
and Si (111) substrates. The same seven reflections of the h-AlN phase appeared
at the exact same 2Theta positions, however the intensity of (100) reflection
was almost as high as that of (002) reflection. Intensity of the (103) reflection
was also slightly higher for the sample deposited on c-plane sapphire. In the
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Figure 6.9: GIXRD pattern of 20.1 nm thick GaN thin film deposited on c-plane
sapphire substrate using optimized HCPA-ALD parameters.
case of GaN, the difference between GIXRD patterns of thin films deposited on
Si and c-plane sapphire substrates was remarkable. Figure 6.9 is the GIXRD
pattern of a 20.1 nm thick GaN thin film deposited on c-plane sapphire. (101),
(110) reflections and the peak encloses (200), (112), (201) reflections disappeared
for this sample. The intensities of (100) and (002) reflections decreased, and
the intensity of (103) reflection increased significantly. It should be noted that
the GIXRD method, because of its geometry, is insensitive to the planes that
are parallel to the substrate, therefore disappearance of the peaks might be an
indication of preferred orientation.
XRR results of AlN and GaN thin films deposited on Si (100) substrates using
N2/H2 plasma with optimized HCPA-ALD parameters are given in Table 6.3.
Film thicknesses estimated by XRR were lower than those measured using SE.
As shown previously, the actual film thickness lies between the values measured
by SE and XRR. The mass densities (ρ) of AlN and GaN thin films were estimated
as 2.82 and 5.86 g/cm3, which are lower than the recognized values of 3.23 and
6.15 g/cm3, respectively [218]. The estimated mass density of AlN thin film (2.82
g/cm3) was higher than those reported in literature for AlN films deposited by
PA-ALD at 200 ○C (ρ = 2.34-2.65 g/cm3) [112, 113]. XRR also revealed the root-
mean-square (rms) roughnesses of these AlN and GaN thin films as 2.16 and 1.54
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Table 6.3: XRR results of AlN and GaN thin films deposited using optimized
HCPA-ALD parameters.
Sample tNit.a (nm) tOx.b (nm) ρ (g/cm3) rrms
AlN 53.21 0.09 2.82 2.16
GaN 17.00 1.40 5.86 1.54
atNit. is the thickness of nitride layer; i.e., AlN or GaN.
btOx. is the thickness of surface oxide layer; i.e., Al2O3 or Ga2O3.
nm, which are higher than the values directly measured using AFM. Figure 6.10
shows the 2D surface morphologies of AlN and GaN thin films deposited on Si
(100) substrates. Rms roughnesses of the AlN and GaN thin films were measured
from a 1 µm × 1 µm scan area as 1.97 and 0.64 nm, respectively. Rms surface
roughnesses were 1.96 and 0.51 nm for AlN and GaN thin films deposited on Si
(111) substrates, and 1.62 and 0.26 nm for AlN and GaN thin films deposited on
c-plane sapphire substrates.
6.4 AlN and GaN Thin Films Deposited Using
N2 Plasma
The effect of plasma gas composition on the properties of deposited nitride thin
films was studied. For this purpose, AlN and GaN films were deposited on Si
(100) substrates using N2 plasma, as well as N2/H2 plasma with decreased H2 flow
(i.e., 25 sccm). SE results of these thin film samples are summarized in Table 6.4,
where the thicknesses and refractive indices of the thin films deposited using
N2/H2 plasma (50 + 25 sccm) were comparable to those of the films deposited
using optimized parameters. Thicknesses of the AlN and GaN thin films increased
tremendously when N2 was used as the plasma gas. Furthermore, refractive index
values decreased upon the use of N2 plasma, which indicates deterioration of the
film quality. GIXRD patterns of the AlN and GaN thin films deposited with




Figure 6.10: Surface morphologies of (a) 59.2 nm thick AlN, and (b), (c) 20.1
nm thick GaN thin films deposited on Si (100) substrates using optimized HCPA-
ALD parameters.
together with the GIXRD patterns of films deposited using optimized HCPA-
ALD parameters. As seen from these figures, decreasing H2 flow rate from 50
to 25 sccm did not affect the crystalline qualities of AlN and GaN thin films,
the same GIXRD patterns were obtained in both cases. The use of N2 plasma
without any H2, on the other hand, resulted in amorphous GaN thin films. In
the case of AlN, the crystallinity is almost lost as the reflections of the hexagonal
wurtzite phase became barely visible.
We observed similar results for the AlN and GaN films deposited using pre-
vious configuration with quartz-based ICP source, where the use of N2 plasma
resulted in high concentrations of C and O impurities in the deposited films and
108
Table 6.4: SE results of AlN and GaN thin films deposited using N2/H2 and N2
plasmas.
Reactant tAlN (nm) nAlN tGaN (nm) nGaN
N2/H2 plasmaa 57.2 1.94 20.6 2.18
N2 plasma 83.6 1.59 111.1 1.88
aFlow rates of N2 and H2 were 50 and 25 sccm, respectively.
destroyed crystallinity (see Section 5.3). The presence of C impurities (8.0 and
9.1 at.% for AlN and GaN, respectively) suggest that the organic ligands are
trapped inside the growing film since N2 plasma without any H2 is not efficient
in terms of removing the ligands of the chemisorbed trimethylmetal precursors.
This might be avoided at higher temperatures, where the methyl ligands of the
precursor molecules get free by self-decomposition. Although it has been thought
that the high O concentrations in the films (48.5 and 4.5 at.% for AlN and GaN,
respectively) are related to plasma-related oxygen contamination, recently Per-
ros et al. [113] showed that the N2 plasma process results in unstable AlN films,
which oxidizes upon exposure to atmosphere.
It is also worth mentioning that there were particles on the surfaces of AlN
and GaN films deposited using N2 plasma. The particles were larger in the
case of GaN thin film, which also showed color variations that indicate thickness
non-uniformity. The formation of these particles cannot be attributed to gas-
phase reactions since we already showed that 10 s purging is sufficient to avoid
overlapping of the trimethylmetal precursor and plasma gas (50 sccm N2 together
with 50 sccm H2). Therefore, the only explanation would be the formation of solid
by-products as a result of the reaction between trimethylmetal compounds and
N radicals. These results show that the N2 plasma process is not eligible for the
low-temperature deposition of AlN and GaN thin films.
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Figure 6.11: GIXRD patterns of (a) AlN, and (b) GaN thin films deposited on
Si (100) substrates using N2/H2 (50 + 50 sccm), N2/H2 (50 + 25 sccm) and N2
(50 sccm) plasmas.
6.5 Deposition of AlxGa1−xN Thin Films by Dig-
ital Alloying
AlxGa1−xN thin films with different compositions were deposited at 200 ○C on
Si (100), Si (111) and c-plane sapphire substrates. In order to adjust the alloy
composition, different numbers of AlN and GaN subcycles were used in the main
cycle; i.e., AlN:GaN = 1:3, 1:1 and 3:1. Eight hundred subcycles were deposited
in each case, where AlN subcycles were deposited using the optimized HCPA-
ALD parameters, whereas GaN subcycles were deposited using the optimized
recipe with 0.015 s GaMe3 pulse length. GIXRD patterns of the AlxGa1−xN thin
films are given in Figure 6.12, together with those of AlN and GaN thin films
deposited using optimized process parameters. As seen from these patterns, as
the number of AlN subcycles increase, the peaks shift towards higher 2Theta
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Figure 6.12: GIXRD patterns of AlN, GaN and AlxGa1−xN thin films deposited
on Si (100) substrates.
values due to the incorporation of Al into the wurtzite lattice. Using these data,
the alloy composition, x, can be determined for each AlxGa1−xN thin film using
the Vegard’s rule, which simply states that the lattice parameters of an alloy will
vary linearly between the end members [219]. It should be noted that this rule
applies to unstrained materials, where composition is the only factor affecting
the lattice parameters. For the c lattice parameter of AlxGa1−xN, Vegard’s rule
is given as:
cAlxGa1−xN = x cAlN + (1 − x) cGaN (6.1)
The interplanar spacing values calculated from peak positions using the well-
known Bragg’s law are annotated on Figure 6.12 for (002) and (110) planes.
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Lattice parameters a and c were roughly calculated by substituting these d110 and
d002 values, respectively, to below formula (Eq. 6.2), which relates the interplanar
spacing (dhkl), miller indices (hkl) and lattice parameters (a and c) for hexagonal
crystals. Alloy compositions, x, were then calculated from c lattice parameters










Theoretical values of alloy composition (xTheo.) were also determined using the
formula,
xTheo. = nsub,AlN GPCAlN
nsub,AlN GPCAlN + nsub,GaN GPCGaN (6.3)
where nsub,AlN is the number of AlN subcycles, nsub,GaN is the number of
GaN subcycles, and GPCAlN and GPCGaN are the deposition rates of AlN and
GaN (0.015 s GaMe3) thin films, which were reported as 0.99 and 0.23 A˚/cycle,
respectively, in the previous sections. The calculated lattice parameters, c/a
ratios and alloy compositions are summarized in Table 6.5.
Although the calculated a lattice parameters of AlN and GaN are in good
agreement with those reported in literature for their nominally strain-free coun-
terparts, c lattice parameters were found to be higher (0.45% for AlN and 0.06%
for GaN with respect to the highest c value reported in literature) than those of
strain-free AlN and GaN thin films [219].
These results indicate the presence of strain, which limits the applicability
of Vegard’s rule to AlxGa1−xN thin films deposited by HCPA-ALD. In order to
minimize errors, alloy compositions were calculated by substituting c lattice pa-
rameters of HCPA-ALD-grown AlN and GaN films into Eq. 6.1. Theoretical
values calculated using Eq. 6.3 were lower than those found by the Vegard’s rule.
However, it should be noted that the theoretical calculation of alloy composition
is not straightforward in the present case since the deposition rate of AlN on
GaN and/or the deposition rate of GaN on AlN might be different than those of
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Table 6.5: Lattice parameters, c/a ratios and alloy compositions of AlN, GaN
and AlxGa1−xN thin films.
RSa cb (A˚) ac (A˚) c/a xV eg.d xTheo.e
0 (GaN) 5.1896 3.1889 1.627 0 0
0.25 5.0636 3.1338 1.616 0.68 0.59
0.50 5.0122 3.1151 1.609 0.95 0.81
0.75 5.0101 3.1133 1.609 0.96 0.93
1 (AlN) 5.0034 3.1110 1.608 1 1
aRS is the ratio of subcycles; i.e., nsub,AlN/(nsub,AlN + nsub,GaN ).
bCalculated using the position of (002) reflection.
cCalculated using the position of (110) reflection.
dxV eg. is the alloy composition calculated from c values using Vegard’s rule (Eq. 6.1).
exTheo. is the alloy composition calculated theoretically using GPC values (Eq. 6.3).
AlN on AlN and GaN on GaN, respectively. Moreover, the HCPA-ALD of AlN
exhibits a slight nucleation delay, and the GPC of GaN is higher in the beginning
of growth (see Figures 6.5(c) and 6.6(c)).
Thicknesses of the Al0.68Ga0.32N, Al0.95Ga0.05N and Al0.96Ga0.04N films were
determined as 25.4, 42.4 and 57.9 nm, respectively, using SE. These values were
found to be lower than those calculated theoretically due to uncertainties in
GPC values as discussed in the above paragraph. Cross-sectional bright-field
scanning TEM (STEM) and HR-TEM images of Al0.68Ga0.32N thin film are shown
in Figures 6.13(a) and 6.13(b), respectively. From Figure 6.13(a), it is seen that
the Al0.68Ga0.32N layer is highly uniform. Thickness of the Al0.68Ga0.32N thin film
was measured directly from Figure 6.13(b) as 26.3 nm, which agrees well with
the result obtained from SE. HR-TEM image (Figure 6.13(b)) and selected area
electron diffraction (SAED) pattern revealed the polycrystalline nature of this
sample, which has also been indicated in Figure 6.12 for the film deposited on Si
(100) substrate.
In the previous sections, we reported the refractive index values of AlN (0.06
s AlMe3) and GaN (0.015 s GaMe3) as 1.94 and 2.14 at 632 nm, respectively. Re-
fractive index values decreased from 2.03 to 1.96 as the Al content of AlxGa1−xN
increased from 0.68 to 0.96 (Figure 6.14(a)). Refractive indices of the AlxGa1−xN
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(a) (b)
Figure 6.13: Cross-sectional (a) bright-field STEM, and (b) HR-TEM images of
25.4 nm thick Al0.68Ga0.32N thin film deposited on Si (111) substrate using N2/H2
plasma.
thin films were found to be quite close to that of AlN (n = 1.94) since the ternary
alloys deposited in this study were all Al-rich. Optical transmission spectra of
AlN, GaN and AlxGa1−xN thin films deposited on double side polished sapphire
substrates at 200 ○C are given in Figure 6.14(b). The optical transmission spec-
trum of sapphire is also included in the figure. Film transmissions were found to
be equal to the substrate transmission (∼93%) in the visible spectrum, indicating
absorption-free films. A significant decrease in the UV transmission was observed
at wavelengths <260 nm, which is caused by the main band gap absorption. In
addition, optical band edge values of the films shifted to lower wavelengths with
increasing Al content. The transmission data obtained from a 20.1 nm thick
GaN film exhibited a weak shoulder at lower wavelength values. The widening of
the absorption edge particularly observed for this thin film sample might be at-
tributed to strain-induced defects [220] and/or quantum confinement effect [221]
due to the small crystallite size, which was estimated as 9.3 nm by LPA.
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Figure 6.14: (a) Spectral refractive indices, and (b) optical transmission spectra of
AlN, GaN and AlxGa1−xN thin films deposited Si (100) and double side polished
c-plane sapphire substrates, respectively.
6.6 HCPA-ALD of InN Thin Films
As the 4th and 6th runs following the integration of HCP source, InN thin films
were deposited on Si (100) and HCPA-ALD-AlN/Si (100) substrates at 200 ○C
using recipes generated with conjecture. Eight hundred cycles were deposited
using 1 s CpIn/10 s Ar purge/40 s, 50 + 50 sccm (or 50 sccm), 300 W N2/H2 (or
NH3) plasma/10 s Ar purge. Elemental compositions of these thin film samples
are summarized in Table 6.6. Samples deposited on Si substrates using N2/H2
plasma were uniform in color, whereas the ones deposited using NH3 plasma
exhibited light and dark regions. GPC was quite low for films deposited on Si
(100) substrates as understood from XPS measurements, which detected Si at the
film surfaces. GPC of the CpIn-N2/H2 plasma process on HCPA-ALD-AlN/Si
(100) substrate was higher than that of the CpIn-N2/H2 plasma process on Si
(100); the underlying AlN layer was detected after 80 s of Ar ion etching. O was
detected in all samples with high concentrations. There were no C impurities in
the films deposited using N2/H2 plasma, whereas ∼10-13 at.% C was detected in
films deposited using NH3 plasma, after 20 s of Ar ion etching.
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Table 6.6: XPS survey scan results of thin film samples deposited using CpIn-
N2/H2 and CpIn-NH3 HCPA-ALD processes.
Reactant and Elemental composition (at.%)
substrate tetch (s) In N O C Si
N2/H2 plasmaa
Si (100) 0 2.71 28.79 26.15 6.20 36.14
20 5.66 16.00 14.34 - 64.00
AlN/Si (100) 0 29.32 22.95 30.86 16.87
60 47.35 16.69 35.96 - -
NH3 plasmab
Si (100) (dark region) 0 13.98 46.21 18.12 19.21 2.49
20 22.45 35.85 16.81 10.68 14.20
Si (100) (light region) 0 13.81 44.84 16.83 20.14 4.38
20 28.67 34.95 15.71 13.34 7.34
a4th run following the integration of HCP source.
b6th run following the integration of HCP source.
GIXRD patterns of thin film samples deposited on Si (100) and AlN/Si (100)
substrates using CpIn-NH3 and CpIn-N2/H2 HCPA-ALD processes are given in
Figure 6.15. Films deposited on Si (100) substrates using N2/H2 and NH3 plasmas
were found to be composed of tetragonal In (t-In) and cubic In2O3 (c-In2O3)
phases. For the sample deposited on AlN/Si (100) substrate using N2/H2 plasma,
on the other hand, GIXRD results indicated the existence of hexagonal wurtzite
InN (h-InN) phase in addition to the t-In and c-In2O3 phases. In this pattern,
reflections that belong to the underlying h-AlN film are also apparent. These
reflections can be avoided by decreasing the angle of incident X-ray beam (i.e.,
ω).
TEM and HR-TEM images, as well as the SAED pattern of the film deposited
on AlN/Si (100) substrate using CpIn-N2/H2 HCPA-ALD process are presented
in Figure 6.16. Although the deposited material was shown to be composed of
polycrystalline h-InN, t-In and c-In2O3 phases using GIXRD, it was labeled as
“InN” in TEM and HR-TEM images for convenience. The deposit was observed
to be in the form of large particles (Figures 6.16(a)-6.16(c)). The height of the
116
















































Figure 6.15: GIXRD patterns of the thin films deposited on Si (100) and AlN/Si
(100) substrates using CpIn-NH3 and CpIn-N2/H2 plasma processes.
particle shown in the left side of Figure 6.16(c) was measured from this image
as ∼38 nm. As shown in Figure 6.16(d), there were also regions, where the
material was deposited in a continuous manner. The thickness of continuous
layer was measured as ∼25.5 nm from Figure 6.16(d). HR-TEM images shown
in Figures 6.16(d) and 6.16(e), as well as the SAED pattern (Figure 6.16(f))
confirmed the polycrystalline nature of deposited material. The bright spots on
the polycrystalline diffraction rings indicated the presence of large crystallites.
The high O concentrations in deposited films may be related to the residual
water vapor on the walls of the chamber, which decays with each metalorganic
pulse. In order to further investigate this, CpIn-N2/H2 HCPA-ALD process was
repeated as the 59th run following the integration of HCP source. Si (100), Si
(111), as well as a 59.2 nm thick AlN film deposited by HCPA-ALD on Si (100)
were used as the substrates. Upon the application of 800 InN cycles, the yellowish
color of the AlN/Si (100) substrate became purple (Figure 6.17), which indicates
an increase in film thickness. The deposited film was highly uniform over the




Figure 6.16: (a)-(c) TEM and (d), (e) HR-TEM images, and (f) SAED pattern
of the thin film deposited on a AlN/Si (100) substrate using CpIn-N2/H2 HCPA-
ALD process. Deposited material was labeled as “InN” for convenience.
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(a) (b)
Figure 6.17: Photographs of the HCPA-ALD-AlN/Si (100) substrate (a) before
and (b) after the CpIn-N2/H2 HCPA-ALD process.
GIXRD patterns of the samples deposited on Si (100), Si (111) and AlN/Si
(100) substrates are given in Figure 6.18. All samples were identified as polycrys-
talline, single-phase h-InN. There were no signs of the t-In and c-In2O3 phases.
These results suggest that single-phase h-InN thin films can be deposited using
HCPA-ALD given that the chamber is free of residual water. Residual water
vapor contaminates the chamber upon exposure to atmosphere. In this respect,
using a load lock is particularly important in the case of InN deposition. Although
residual water can be removed from the chamber walls by performing bake-out
and/or pulsing metalorganic precursors, it would not be feasible to perform such
procedures before each deposition.
XRR data of the InN thin film deposited on Si (111) substrate was fitted
using a 4-layer model (i.e., In2O3/InN/SiO2/Si). The results indicated negligible
thickness and a quite low mass density for this film. For the fitting of the XRR
data of InN film deposited on AlN/Si (100) substrate, on the other hand, a 6-
layer model was used; i.e., In2O3/InN/Al2O3/AlN/SiO2/Si. Thicknesses of the
InN and In2O3 layers were estimated as 34.87 and 0.08 nm, respectively. Mass
density was found to be 2.89 g/cm3, which is very low compared to the recognized
value of 6.81 g/cm3 [218]. XRR fitting also revealed the surface roughness as 3
nm.
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Figure 6.18: GIXRD patterns of the InN thin films deposited on Si (100), Si (111)
and AlN/Si (100) substrates using the CpIn-N2/H2 HCPA-ALD process. GIXRD
patterns indicate a hexagonal wurtzite crystal structure.
Surface morphologies of InN thin films deposited on Si (111) and AlN/Si
(100) substrates are shown in Figures 6.19 and 6.20, respectively. It is seen from
Figure 6.19 that InN deposited on Si (111) was discontinuous. As a result of the
CpIn-N2/H2 HCPA-ALD process, InN islands were formed on the Si substrate.
Heights of these islands were measured from Figure 6.19 as 16-18 nm. When
compared to the films deposited on Si, InN thin films deposited AlN/Si (100)
substrates exhibited a different morphology as seen in Figures 6.20(a) and 6.20(b).
Smaller islands were coalesced to form a continuous InN layer. Rms roughness
values were measured as 3.14 and 2.93 nm from 1 µm × 1 µm and 500 nm × 500
nm scan areas, respectively, which are both in good agreement with the result
obtained by XRR.
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Figure 6.19: 500 nm × 500 nm 2D AFM image of InN deposited on Si (111)
substrate using CpIn and N2/H2 plasma. Line profiles are also shown in the
figure.
(a) (b)
Figure 6.20: (a) 1 µm × 1 µm, and (b) 500 nm × 500 nm 2D AFM images of




Conclusions and Future Work
In this dissertation, plasma-assisted atomic layer deposition (PA-ALD) of III-
nitride (AlN, GaN and InN) thin films was investigated with the motivation of
(i) low-temperature deposition of III-nitride thin films on sensitive device lay-
ers and substrates, (ii) deposition of the ternary and quaternary alloys of III-
nitride family with desired composition and hence electrical/optical properties,
and (iii) template-based synthesis of III-nitride nanostructures for improved effi-
ciency and/or sensitivity in selected applications through surface area enhance-
ment.
We reported on the PA-ALD of randomly oriented polycrystalline wurtzite
AlN thin films at temperatures ranging from 100-500 ○C. PA-ALD parameters
were optimized for the trimethylaluminum (AlMe3)-ammonia (NH3) plasma and
AlMe3-N2/H2 plasma processes, which exhibited constant growth growth per cy-
cle (GPC) values of ∼0.86 and ∼0.55 A˚, respectively, at temperatures ranging from
100 to 200 ○C. Within the ALD temperature windows (i.e., 100-200 ○C for both
NH3 and N2/H2 plasma processes), film thicknesses increased linearly with the
number of deposition cycles and no incubation behavior was observed. AlN films
deposited at temperatures within the ALD window were C-free and had relatively
low O concentrations (<3 at.%) despite 5N-grade plasma gases were used without
any further purification. Furthermore, these films exhibited low roughness values
and showed decent optical and electrical characteristics.
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Template-based synthesis of high surface area AlN hollow nanofibers, which
might potentially be used in high temperature ambient chemical sensing appli-
cations, was also demonstrated by combining the electrospinning, PA-ALD and
calcination processes. Scanning electron microscopy studies showed that there
is a critical wall-thickness-to-inner-diameter ratio for AlN hollow nanofibers to
preserve their shapes after the polymeric template has been removed by calci-
nation. Transmission electron microscopy (TEM) images indicated uniform wall
thicknesses along the fiber axes. Synthesized AlN hollow nanofibers were poly-
crystalline with a hexagonal crystal structure as determined by high-resolution
TEM (HR-TEM) and selected area electron diffraction.
Our initial efforts for depositing GaN thin films using triethylgallium (GaEt3)
or trimethylgallium (GaMe3) with NH3 plasma resulted in amorphous thin
films with high O concentrations (∼20 at.%). InN trials were even worse,
trimethylindium (InMe3)-NH3 plasma and cyclopentadienyl indium (CpIn)-NH3
plasma processes both exhibited very low deposition rates and the resulting films
had very high O concentrations. Although - at first - the most probable source of
this contamination was presumed as the O-containing impurities in the 5N-grade
NH3 gas, subsequent experiments revealed the true source as the quartz tube
of inductively coupled RF-plasma (ICP) source itself. In view of these circum-
stances, the choice of N-containing plasma gas (N2, N2/H2 or NH3) determined
the severity of O incorporation into AlN and GaN films deposited by PA-ALD.
In the case of AlN thin films, lowest O concentrations were obtained using NH3
plasma (∼1.5 at.%). O concentration in AlN films increased tremendously (i.e.,>45 at.%) when N2 or certain N2/H2 plasma processes were used. PA-ALD pro-
cesses designed for GaN, on the other hand, showed an adverse response to the
use of N2, N2/H2 and NH3 plasma gases in terms of O incorporation. Film de-
posited using NH3 plasma had ∼20 at.% O in the bulk film. The use of N2 or
N2/H2 plasma decreased this value to <5 at.%. We were able to deposit polycrys-
talline wurtzite GaN thin films with 4.7 at.% O and 4.2 at.% C impurities using
the GaMe3-N2/H2 PA-ALD process at 200 ○C. These results suggested that the
choice of N-containing plasma gas is highly precursor dependent and might not
be anticipated for other PA-ALD processes.
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As an effort to completely avoid plasma-related oxygen contamination prob-
lem, we replaced the original quartz-based ICP source of the ALD system with
a stainless steel hollow cathode plasma (HCP) source; thereby demonstrated the
hollow cathode PA-ALD (HCPA-ALD) of crystalline AlN, GaN and AlxGa1−xN
thin films at low temperature (i.e., 200 ○C) using trimethylmetal precursors and
NH3 or N2/H2 plasma. Preliminary depositions carried out using non-optimized
process parameters resulted with reasonably uniform AlN and GaN films with
wafer-level non-uniformities less than ±1.5%. X-ray photoelectron spectroscopy
(XPS) survey scans detected 2.5-3.0 and 1.5-1.7 at.% O in these AlN and GaN
thin films, respectively, after they were etched in situ with a beam of Ar ions
under ultra high vacuum conditions. C was detected only at the film surfaces
and there were no C impurities in the bulk films as determined by XPS. Since
the Ar ion etching may lead to substantial errors in the quantification of O and C
impurities present in AlN and GaN thin films, complimentary secondary ion mass
spectroscopy analyses were performed on the films deposited using NH3 plasma,
which revealed the presence of O, C (both <1 at.%) and H impurities in the films.
Grazing-incidence X-ray diffraction (GIXRD) patterns exhibited polycrystalline
AlN and GaN thin films with (hexagonal) wurtzite crystal structure. Crystallite
sizes were 19.2 and 24.8 nm for AlN, and 10.2 and 9.3 nm for GaN films deposited
using NH3 and N2/H2 plasmas, respectively. HR-TEM image of the GaN thin
film deposited using NH3 plasma further revealed the existence of relatively large
crystals in the film, which can extend along the film thickness.
HCPA-ALD parameters were optimized at 200 ○C for the deposition of AlN
and GaN thin films. Trimethylmetal precursor and N2/H2 saturation curves
evidenced the self-limiting growth of AlN and GaN at this temperature. AlN
exhibited linear growth with a slight nucleation delay. GPC of AlN was high;
i.e., ∼1.0 A˚. In the case of GaN, GPC decreased with the increasing number of
deposition cycles, which indicates substrate-enhanced growth. GPC was found to
be 0.22 A˚ for the 900-cycle GaN deposition. 59.2 nm thick AlN and 20.1 nm thick
GaN thin films deposited using optimized process parameters were characterized
using spectroscopic ellipsometry, high-resolution XPS (HR-XPS), GIXRD, X-ray
reflectivity (XRR), and atomic force microscopy (AFM). Refractive indices of
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AlN and GaN thin films were determined as 1.94 and 2.17 at 632 nm, respec-
tively, using the Cauchy dispersion function. Al 2p (Ga 3d) and N 1s HR-XPS
spectra confirmed the metal nitride bonding states in AlN (GaN) films. The
mass densities of AlN and GaN thin films were estimated as 2.82 and 5.86 g/cm3
using XRR. Rms roughness values determined by XRR were higher than those
directly measured using AFM; i.e., 1.97 and 0.64 nm for AlN and GaN thin films
deposited on Si (100) substrates, respectively. Results of the depositions carried
out using N2 plasma have shown that this process results in low-quality films,
and therefore is not eligible for the low-temperature deposition of AlN and GaN.
AlxGa1−xN thin films were obtained via digital alloying, where the main
HCPA-ALD cycle consisted of different number of AlN and GaN subcycles; i.e.,
AlN:GaN = 1:3, 1:1 and 3:1. Alloy compositions were determined by the Veg-
ard’s rule as 0.68 (AlN:GaN = 1:3), 0.95 (1:1) and 0.96 (3:1) using the c lattice
parameters, which were roughly calculated from the (002) peak positions. The
c lattice parameters of binary AlN and GaN thin films were also estimated and
used for the calculations in order to minimize the errors that may arise due to the
presence of strain in deposited films. Refractive index values of the AlxGa1−xN
thin films decreased from 2.03 to 1.96 as the Al content increased from 0.68 to
0.96. Transmissions of AlN, GaN and AlxGa1−xN thin films were equal to the
substrate transmission (∼93%) in the visible spectrum, indicating absorption-free
films. Optical band edge values of the AlxGa1−xN films shifted to lower wave-
lengths with increasing Al content, which confirms the adjustability of band edge
values with compositional digital alloying.
HCPA-ALD of InN was also studied using CpIn with NH3 or N2/H2 plasma.
Films deposited on Si (100) substrates immediately after the integration of HCP
source were found to be composed of tetragonal In (t-In) and cubic In2O3 (c-
In2O3) phases. For the sample deposited on AlN/Si (100) substrate using N2/H2
plasma, on the other hand, GIXRD results indicated the existence of hexagonal
wurtzite InN (h-InN) phase in addition to the t-In and c-In2O3 phases. The high
O concentrations in deposited films were found to be related to the residual water
vapor on the walls of the chamber, which decays with each metalorganic pulse.
CpIn-N2/H2 HCPA-ALD process, which was realized as the 59th run following
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the integration of HCP source, resulted with the formation of polycrystalline,
single-phase h-InN on Si (100), Si (111) and AlN/Si (100) substrates. The GPC
of InN on Si substrates was negligible as determined by XRR. Accordingly, AFM
images indicated the formation of InN islands on Si substrates. The thickness
of the InN thin film deposited on AlN/Si (100) substrate was estimated using
XRR as ∼35 nm. Mass density was found to be 2.89 g/cm3, which is quite low
compared to the recognized value of 6.81 g/cm3.
Our experimental studies showed the promise of PA-ALD technique for obtain-
ing thin films and nanostructures of binary and ternary III-nitrides at relatively
low temperatures. Our achievements might lead to a vast amount of materials
and device research. Potential future research directions are listed below.
• Investigation of ex situ and in situ surface pretreatments, and different
substrates for AlN and GaN thin films, and for promoting the GPC of InN
on Si.
• HCPA-ALD of InxAl1−xN and InxGa1−xN thin films via digital alloying using
AlMe3, GaMe3 and CpIn as the Al, Ga and In precursors, respectively.
• HCPA-ALD of InN thin films using InMe3 as the In precursor.
• HCPA-ALD of doped III-nitride thin films using Mg and Si precursors for
p- and n-type doping, respectively.
• Investigation of the electrical properties of HCPA-ALD-grown GaN and
InN thin films; i.e., carrier type, concentration and mobility determined by
Hall-effect measurements.
• Investigation of the effect of post-deposition annealing on the structural,
optical and electrical properties of HCPA-ALD-grown III-nitride thin films.
• Demonstration of the electronic and optoelectronic device applications of
HCPA-ALD-grown III-nitride thin films and their alloys; i.e., thin film tran-
sistors, resistive memories, photodetectors, etc.
• Template-based synthesis of III-nitride nanostructures for improved effi-
ciency in selected applications.
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